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The colloidal synthesis usually involves the cointeraction of several types of surfactants 
and solvents, which makes the reaction system very complex and impedes further study 
of the mechanism for nanocrystals formation. The theme of this thesis explores the 
colloidal synthesis of nanocrystals with only the necessary elements-providing chemicals 
and a reaction medium.   
Heterostructured nanocrystals, or hybrid nanocrystals, have become a fascinating 
research area during the past decade. Those composed of semiconductor and noble metal 
are of special interest for future generation nanotechnology, due to their wide 
applications ranging from photovoltaics, biological imaging agents, light emitting devices, 
photo detectors and etc. 
This project mainly focuses on the synthesis and characterization of I-(III)-VI 
semiconductor nanocrystals and their noble metal based heterostructures. Both Ag and 
Cu based I-(III)-VI semiconductor nanocrystals have been discussed, however, more 
efforts were put on Ag based materials because they are much less studied compared to 
their Cu based counterparts.  
Firstly, the project aimed to develop a generalized and facile strategy for the synthesis of 
Ag based I-(III)-VI semiconductor nanocrystals. Silver chalcogenides (Ag2S, Ag2Se, 
AgInS2 and AgInSe2) were synthesized directly from metal salts and elemental 
sulfur/selenium in oleylamine. Similarly, CuInS2 and CuInSe2 nanocrystals could be 
obtained by simply replacing the silver salt by a copper salt. This chapter is the 
 xii 
 
fundamental of the whole thesis work. The synthetic strategies and experiences 
developed here would be further used in the design of experimental routes for 
heterostructure formation in the following chapters.   
Secondly, a solution based dynamic seeding strategy was developed for the fabrication of 
heterostructured nanocrystals composed of Au and silver chalcogenides by utilizing 
chemical and structural inhomogeneity of AuAg seed precursors. The AuAg seed 
precursor with highly uniform size distribution was obtained through a facile half-seeding 
approach. By making use of the AuAg seed precursors and applying the synthetic 
strategies developed in the first part, phase pure Au-Ag2S, Au-Ag2Se, Au-Ag3AuS2, Au-
Ag3AuSe2 Au-AgInS2 and Au-AgInSe2 heterostructures were obtained respectively. To 
demonstrate the generality of this dynamic seeding strategy, Au based binary and ternary 
copper chalcogenides (Au-Cu9S5, Au-CuSe, Au-CuInS2 and Au-CuInSe2) 
heterostructures were derived from AuCu seeds; Pt-AgInS2 heterostructures were derived 
from PtAg seeds. Furthermore, monometallic nanoparticles could also serve as dynamic 
seeds in these chemical transformations. By partially or fully conversion of pure Ag seeds, 
both single phase of silver chalcogenides nanocrystals and their Ag based 
heterostructures (e.g. Ag2S, Ag-Ag2S, Ag2Se, Ag-AgInS2 and AgInSe2) could be readily 
obtained. Besides its universality for synthesis various kinds of nanostructures, one of the 
advantages of dynamic seeding strategy is that the ratio of the two phases in the 




Finally, transition metal oxide and sulfide nanocrystals were used as a platform to 
demonstrate a one-step approach for synthesis and construction of self-assembled 
superlattices or supracrystals.  
The crystal phases and elements of the nanostructures were confirmed by XRD, HRTEM, 
XPS and EDX. Optical properties of ternary nanostructures were also investigated for 
both AgInS2 and AgInSe2 nanocrystals.   
The availability of these nanoscale inorganic nanostructures promises many future 
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CHAPTER 1 INTRODUCTION  
1.1 The Research Background and Motivation  
Functional nanocrystals (NCs) have unique properties owing to their low dimensionality 
that distinguishes them from their bulk counterparts. Over the past two decades, research 
and development on the synthesis of functional NCs have become a focal area in 
scientific community. The large number of methods available for nanomaterials 
fabrication can be categorized into top-down and bottom-up approaches. In the top-down 
approach, nanoparticles are produced by progressive removal of the corresponding bulk 
materials until the desired nanostructures are obtained. However, these processes are 
time-consuming and expensive. Bottom-up approaches work in the opposite direction, 
where the atoms are progressively assembled to form the desired nanostructure. The 
bottom-up approaches can be further classified into gas-phase and liquid-phase methods. 
The typical examples of gas-phase methods include chemical vapour deposition, 
molecular beam epitaxy and atomic layer deposition.  Liquid-phase methods are realized 
through precipitation of nanoparticles from a colloidal solution of chemical compounds 
or precursors.  Typically, colloidal inorganic nanomaterials are synthesized by reacting 
inorganic salts or organometallic precursors in a solution. Due to the large range selection 
of chemical precursors, surfactants, solvent systems and flexible synthesis conditions, 
such as temperature and reaction time, colloidal synthesis offers an excellent control over 
size, composition, shape and surface chemistry of prepared nanostructures, as well as 
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application to a broad range of materials. In addition, colloidal synthesis uses relatively 
simple experimental equipment and chemicals, which allows one to obtain high-quality 
materials with tailored properties at low cost. Colloidal synthesis can also be easily 
scaled up. Finally, it can be used to fabricate heterostuctured nanomaterials by adopting 
similar strategy for fabrication of single phase nanomaterials. With all these advantages, 
the colloidal approach has become the main workhorse for nanomaterial fabrication. 
Over the past two decades, many research groups have investigated the colloidal 
synthesis and potential applications of nanomaterials and great progress has been made in 
understanding the fundamentals and mechanisms behind it.  The synthesis method, 
properties and  applications of nanomaterials composed of single or binary elements, 










 and quantum dots
6
 
have been extensively explored by several leading groups. The resulting shapes and 
morphologies include nanospheres, nanowires, nanorod, nanotubes, dumbbell, branches, 
and tripods. The potential applications have appeared in diverse areas such as catalysis, 
biology, medicine, chemical sensing, photo catalysis, energy storage, and solar cells.  
Semiconductor NCs have been suggested as integral components in future-generation 
electronic devices. Over the past two decades, quantum dots, which are usually made 
from cadmium chalcogenides (CdS and CdSe) based semiconductor NCs, have been 
extensively studied and are still continuing to attract researchers’ attention because of 





fluorescence marker for biomolecules.
6a,6i,9
 However, the intrinsic toxicity of these 
quantum dots is a constant environmental and safety concern. For example, the most 
extensively studied CdSe contains both Class A element (Cd, Pb, and Hg) and Class B 
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element (Se and As). Moving towards future applications, it is clearly important to 
develop non-toxic or less-toxic functional nanomaterials which can be fabricated and 
applied in a sustainable and environmental friendly manner. Among the various 
semiconductor NCs, I-(III)-VI semiconductor NCs (where I = Cu or Ag, III = In or Ga, 
VI = S or Se) have been considered as the most promising alternatives with comparable 
size-tunable spectroscopic properties, and broad applications with lower cost and 
toxicity.
10
 In fact, the band gaps of I-(III)-VI semiconductor NCs extend beyond the 
visible range, to cover infrared range as well. Examples of such NCs are binary 
compounds of Cu2S, Ag2S, Cu2Se and Ag2Se, as well as ternary compounds of CuInS2, 
CuInSe2, AgInS2 and AgInSe2. Currently the properties and fabrication processes of 
ternary compounds are much less developed and understood compared to the binary 
compounds. An obvious challenge is the synthesis of a phase pure the ternary compound, 
which consists of two metal elements (Group IB and Group IIIA) with different 
reactivities, which results in a varying stoichiometric ratio in a given sample.
11
  
Using/Taken CuInS2 as an example: Cu and In are two metal elements and S is the one 
non-metal element. Using a bottom up approach with precursors of Cu, In and S, there 
are at least three possible compounds: Cu2S, In2S3 and CuInS2. During the formation of 
CuInS2, it is necessary to balance the reactivities of precursors for Cu and In. Moreover, 
Cu and In precursors tend to form oxides at high temperatures, therefore inert gas or 
glove box is usually involved, which  makes the synthetic conditions more strict and  
complex, and the final products are often a mixture instead of phase pure. This might be 
one of the reasons that made I-III-VI semiconductor NCs less studied. 
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The use of semiconductor NCs is often limited by difficulties in forming electrical 
contacts with neighbouring areas.  Currently, metallic contacts are integrated on a 
semiconductor device by employing highly advanced and expensive top-down 
technology. Therefore, it is highly demanding to fabricate metal-semiconductor 
heterostructured nanocrystals (HNCs), i.e. grow metallic nanoparticle (NP) contacts onto 
a semiconductor nanocrystal using the bottom-up approach.   
 
1.2 Problems and Issues 
Both ternary semiconductor NCs and heterostructured nanomaterials are still at their 
early stages of development and there are many areas for further research.  After a careful 
examination of reported literature, which will be discussed in Chapter 2, we summarize 
key issues that require further research:   
(1) Although ternary I–III–VI NIR semiconductor NCs (CuInS2, CuInSe2, AgInS2 
and AgInSe2) have recently been synthesized by different groups, due to the 
different reactivities of Group IB and IIIA metals, it is challenging to tune their 
chemical composition, which is an important factor in controlling the optical 
properties of ternary I–III–VI quantum  dots.10b 
(2)  Currently there is a lack of a systematic strategy for the preparation of high 
quality I-(III)-VI semiconductor NCs. The synthesis only limited to binary 
compounds
12
 or only very few chalcogenides
13
 and in many cases pre-synthesized 
complex precursors is needed.
14
 There has been substantial exploration of 
nanoengineered heterojunction solar cells using well-developed CdSe although 
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the intrinsic toxicity of cadmium and selenium is an environmental concern. 
Conversely, there has barely been any investigation into using ternary CuInS2 or 
AgInS2 NCs for such a new generation of devices, presumably due to the poor 
quality of these ternary NCs. Thus, it is important to develop a systematic strategy 
to fabricate high quality I-III-VI semiconductor NCs. 
(3) Compared to its copper counterparts, synthesis and properties of silver 
chalcogenides NCs, except that Ag2S NCs have been studied in greater detail, the 
other compounds, i.e. Ag2Se, AgInS2, and AgInSe2 are far less studied and 
characterized, with some lacking basic information such as powder X-ray 
diffraction (XRD).  Especially for the synthesis of Ag2Se and AgInSe2, the 
currently reported methods always employ highly toxic solvents such as 
trioctylphosphine oxide (TOPO) and tri-n-octylphosphine (TOP)
12,15
 or 
decomposing of complex pre-synthesized precursors that involved the use of not 
commercially available chemical regents,
16
 which increases the processing time, 
cost and environmental concern. Thus, it is necessary to develop a method to 
synthesize silver chalcogenides NCs from commercially available, less toxic and 
easy to handle chemical regents while at the same time, use as few and simple 
starting chemicals as possible to reduce the overall cost.  
(4) There is also a lack of systematic and general strategy for fabrication of HNCs. 
Most reported schemes are only limited to fabricate one specific HNCs and it is 
difficult to extend the scheme to other systems. For those that can fabricate more 





 It is imperative to develop an effective and general strategy for the 
preparation for various types of HNCs. 
(5) The individual components of currently available HNCs usually limit to single or 
binary compounds. To the best of our knowledge, no HNCs composed of ternary 
compounds have been reported.  It would be very fascinating to construct HNCs 
with ternary compounds.  
(6) The trend for future fabrication is to use environmental benign and relative cheap 
chemical reagents or precursors rather than the toxic and expensive chemical 
reagents that currently used. There is a need to develop a green and facile method 
for the fabrication of both I-(III)-VI semiconductor NCs and their 
heterostructures.   
 
1.3 Objectives and Scope 
The main objective of this project is to develop a green and systematic strategy for the 
synthesis of I-(III)-VI semiconductor NCs and their heterostructures, by using as few 
chemicals as possible, and by keeping the experimental processes as simple as possible. 
Both silver and copper based I-VI or II-VI and I-III-VI semiconductor nanomaterials 
have been prepared and studied in a rational and systematic way.  The motivation for 
choosing this topic lies in the various potential applications of these materials especially 
in photovoltaics. Fundamental understanding in the rational and controlled synthesis of 
these materials will be helpful for further research work on related materials and devices.  
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During the study, the use of toxic chemicals was avoided, and effort was made to 
minimize the use of chemicals, especially complex precursors and/or toxic reagents.  
Based on previous researchers’ work, oleylamine (OLA) was chosen as the basic solvent 
and surfactant.
18
 Although OLA is corrosive to skin, however as a high boiling point 
solvent, it is not volatile at moderate temperatures and easier to handle compared with the 
commonly used TOPO and TOP for colloidal synthesis.
12,15
 OLA does not induce 
chromosome damage or mutations in mammalian cells in culture, and is not mutagenic in 
an Ames bacterial assay, although the concentrations that could be tested are limited due 
to the toxicity of amines.
19
  
We have synthesized a total of five I-VI (Ag2S, Ag2Se, Ag3AuS2, Ag3AuSe2, Cu9S5), 
three II-VI (CdS, CdSe, CuSe) and four I-III-VI (AgInS2, AgInSe2, CuInS2, CuInSe2) 
chalcogenides, together with their fifteen associated heterodimers (Au-Ag2S, Au-Ag2Se, 
Au-Ag3AuS2, Au-Ag3AuSe2, Au-AgInS2, Au-AgInSe2, Au-CdS and Au-CdSe, Ag-Ag2S, 
Ag-AgInS2, Au-Cu9S5, Au-CuInS2, Au-CuSe, Au-CuInSe2, Pt-AgInS2). For each of the 
materials, both solvothermal method and reflux (hot-injection) method have been 
explored.  
Furthermore, to demonstrate the versatility of this simple but powerful OLA approach,  
various shapes (sphere, cube, rice, plate and etc) and sizes of Manganese oxide could be 
obtained by simply tuning the reaction time, temperature and concentration, without 
adding any new surfactants and additives. 
 
1.4 Organization of the Thesis 
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This thesis is organized into eight chapters:  
Chapter 1, as described here, is the introductory chapter. 
Chapter 2 reviews the updated development and technologies of I-III-VI semiconductor 
NCs. HNCs, a new emerging field and the trend of future nanotechnology, has also been 
discussed regarding to both their synthesis strategies and growth mechanism.  
Chapter 3 describes the characterization techniques used in this thesis.  
Chapter 4 presents a systematic method for the synthesis of four types of silver based 
chalcogenides (Ag2S, Ag2Se, AgInS2 and AgInSe2) and CuInS2 by employing the 
concepts of green chemistry.  
Chapter 5 is the core of the thesis. A novel dynamic seeding strategy was developed for 
the synthesis of six types of noble metal-silver chalcogenides HNCs (Au-Ag2S, Au-
Ag2Se, Au-Ag3AuS2, Au-Ag3AuSe2, Au-AgInS2 and Au-AgInSe2).   
Chapter 6 outlines the implementation of the dynamic seeding strategy to AuCu, PtAg 
and pure Ag system. It includes three parts (1) to synthesis noble metal based 
chalcogenides (Au-Cu9S5, Au-CuInS2, Au-CuSe, Au-CuInSe2 and Pt-AgInS2) from AuCu 
or PtAg seeds; (2) to fabricate silver chalcogenides (Ag2S, Ag2Se and Au-AgInSe2) and 
their silver based heterostructures (Ag-Ag2S, Agx-AgyIn2-x-yS2) from pure Ag seeds; (3) 
kinetic study of the formation mechanism of HNCs using Au-AgInS2 as a platform.  
Chapter 7 demonstrates a one-step approach for synthesis and construction of self-




Chapter 8 summarizes the main results of this thesis. The chapter closes with an outlook 
on further process modifications and experiments that appear to be helpful in the future 
work.  
The Appendices provide complimentary information for the discussions in the previous 
Chapters, which includes a summary of the chemical constants (i.e. standard Gibbs free 
energy of formation, density and band gap), the EDX spectra of all the materials relevant 
to the thesis work and the calculation of band gaps from the UV-vis absorption spectra, 
and etc.  
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CHAPTER 2 LITERATURE REVIEW 
This chapter aims to provide a brief and up-to-date account of major topics relevant to I-
(III)-VI semiconductor NCs and heterostructured nanocrystals. The discussion begins 
with a general introduction of semiconductor NCs and then followed by a detailed 
introduction of I-(III)-VI semiconductor NCs, the synthesis methods on specific materials, 
and a review of heterostructured nanocrystals with an emphasis on its growth mechanism. 
It is concluded with a short introduction of green chemistry and some applications of its 
basic concepts in colloidal synthesis.  
 
2.1 Overview of Semiconductor Nanocrystals 
Inorganic semiconductors form the heart of modern electronics and optoelectronics. It 
requires miniature size and high single crystalline silicon wafers for portable electronic 
devices such as computers and communication devices (e.g. mobile phones). This same 
requirement is also found in large area giant microelectronics represented by solar cells 
and flat-panel displays. But due to the processing of high purity single-crystalline Si 
wafers, the cost of semi-conductor industries significantly increases. Furthermore, the 
fragile silicon wafers are not compatible with flexible plastic substrates for requirement 
of future generation microelectronics. It is therefore urgent to develop flexible 
replacement materials and decrease the fabrication cost. Semiconductor nanomaterials, 
including zero-dimensional (0D) nanoparticles, 1D nanowires/nanotubes, 2D thin films, 
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have been suggested as integral components for future-generation electronic devices.
20
  
Basically, there are two ways to substantially reduce cost at present. The first one aims to 
develop novel approaches to deposit high-quality semiconductor thin films, represented 
by solution-based deposition techniques using the corresponding semiconductor NCs as 
precursors. The second route is to develop novel devices by directly using functional 
semiconductor NCs. For both cases, it requires high quality single-crystalline and 
monodisperse semiconductor NCs with tunable properties. Over the past two decades, the 
colloidal synthesis
6c
 and exploration on application of CdSe NCs have revolutionized 
nanoscience activities.
2-4
 With the possibility of designing semiconductor nanocrystallites 
of various sizes and shapes, these nanometer sized building blocks can find commercial 
use for the manufacturing of low cost, flexible and large area devices. Besides the 
intrinsic properties of semiconductors, the beauty of semiconductor NCs lies in their 
prominent size tunable properties. This effect allows band gap engineering of a 
semiconductor material by changing its size when the size is comparable to the Bohr 
diameter of exciton, which is within the nanometer range.  Besides using particle size and 
morphology as control parameters to tailor band gap, researchers have also developed 
composition-tunable alloyed semiconductor NCs.
21
 In recent years, the concept of doping 
has also been applied in the fabrication of semiconductor nanomaterials for enhanced 
optical performance.
10a, 22
 Band gap engineering has proven to be an effective tool in the 
design of new nanocrystal-based semiconductor devices and this has led to the 




2.2 Fundamentals of I-(III)-VI Semiconductors 
As mentioned in Chapter 1, I-(III)-VI semiconductor NCs are a group of semiconductor 
NCs with: 
I =  Group IB metal elements, typically Cu or Ag;  
III =  Group IIIA metal elements, typically In or Ga;  
VI =  Group VI elements typically S or Se.  
I-(III)-VI bulk crystals are usually direct band gap semiconductors, and their band gaps 
(BG) and Bohr exciton radius are summarized in Table 2.1. 
 
Table 2.1 Band gaps (in eV) and Bohr exciton radius of typical I-(III)-VI 
semiconductors. 
































































The most common crystal structure for ternary I-III-VI compound is tetragonal 
chalcopyrite, in which the Group IB and Group IIIA metal ions are ordered in the cation 
sublattice sites. Random distribution of the cations leads to the zinc blend structure. The 





 Similar to chalcopyrite structure, the orthorhombic phase 
converts to wurtzite structure when Group IB and Group IIIA ions are disordered in the 
cation sites.
41
 The random distribution of Group IB and Group IIIA ions in the wurtzite 
phase offers flexibility for stoichiometry control, and provides the ability to tune the 
Fermi energy (n- or p-type) over a wide range.
29,42
 The structural relationship among 
zinc-blende II-VI, chalcopyrite I-III-VI and orthorhombic I-III-VI semiconductors is 
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Figure 2.1 Stick and ball representation of structural relationship among zinc blend, 






Compared to their binary counterparts, ternary I-III-VI semiconductors have a longer life 
time and larger stokes shift. Table 2.2 gives a comparison between physical properties of 
some typical II-VI and I-III-VI semiconductor NCs. 
 
Table 2.2 Comparison between II-VI and I-III-VI semiconductor NCs.
45
 
Properties II-VI  (CdSe or CdTe) I-III-VI  (CuInS2 or CuInSe2) 
Wavelength 480-750 nm 500-1000 nm 
FWHM 25-35 nm 80-120 nm 
Quantum yield oil soluble > 60% 
water soluble > 30% 
oil soluble  30~80% 
water soluble  ~ 30% 
Stokes shift < 100 meV 200 ~300 meV 
Life time ~20 ns 100 ~300 ns 
Toxicity not suitable for in vivo unknown 
Stability Acceptable unknown 
 
FWHM: full width at half maximum  
 
The bulk band gap of the current workhorse semiconductor nanocrystal CdSe is 1.73 eV. 
The most popular CdSe@ZnS core−shell quantum dots (QDs) offer appealing optical 
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properties in the visible range (400 to 700 nm).  However, the living tissues block the 
visible emission and this precludes the utilization of visible emission QDs emitters for 
most in vivo bioimaging. Compared to visible emitters, near-infrared (NIR) fluorescent 
NCs are more promising for imaging in vivo, because while infrared light could penetrate 
deeply into the body, it is poorly absorbed by body tissue.
46
 Previous works on NIR 
fluorescent emitters were focused mainly on the narrow band gap CdTe, PbS, InAs and 
type-II heterostructured (CdTe/CdSe, CdSe/ZnTe, and CdSe/CdTe) QDs. However, the 
intrinsic toxicity of these materials restricts their further applications in biosystems. For 
most I-(III)-VI NCs, their band gaps lie in the near-infrared (NIR) or infrared (IR) range. 
For example, the bulk band gap of CuInS2 is 1.45 eV, which implies that it would be 
possible to develop color-tunable CuInS2 nanocrystal emitters from visible to NIR 
regions with high extinction coefficients. Those made from CuInS2 NCs should cover a 
much broader color window, including the NIR window that is most fascinating for in 
vivo nanodiagnostics. Furthermore, CuInS2 nanocrystal emitters are more acceptable for 
real-world applications because unlike the previous mentioned NIR fluorescent QDs 
(CdTe, PbS, InAs, CdTe/CdSe, CdSe/ZnTe, and CdSe/CdTe), CuInS2 does not contain 
either Class A element (Cd, Pb, and Hg) or Class B element (Se and As). I-III-VI 
semiconductors are also important players in photovoltaic devices as well. They are 
known to be less expensive in comparison to the other types of solar cells fabricated 
through molecular beam epitaxy and related techniques.  
 
2.3 Colloidal Synthesis of I-(III)-VI Semiconductor Nanocrystals  
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The size and shape evolution of nanocrystals is driven by both thermodynamic 
parameters (e.g., relative stability of crystal polymorphs) and kinetically limited growth 
processes (e.g., diffusion of reactants, surface adhesion of surfactants). The model used to 
describe crystal nucleation and growth in colloidal synthesis was first presented by 
LaMer and Dinegar as shown in Figure 2.2. According to this model, the colloidal 
synthesis generally involves two sequential steps: nucleation from a homogeneous 
oversaturated solution and growth of the preformed nuclei. The key point for best 
monodispersity is to exploit exquisite control over experimental conditions to separate 
the nucleation and growth stages. The nanoparticle nucleation rate needs to be properly 
balanced with the growth rate, otherwise, the reaction will generate either bulk material 
or polydispersed tiny clusters.
47
    
 







It is difficult for nanoparticles to spontaneously nucleate and grow in solution without a 
driving force such as a supersaturated solution, a strong reducing agent, or the use of high 
temperatures to overcome the energy barrier toward nucleation. Hot-injection technique 
is most commonly used to initiate the formation of nuclei and separate the two stages by 
injecting the precursors rapidly into a hot solution with a crucial drop in temperature that 
rapidly quenches further nucleation, but allows growth of the crystals from solution 
nutrient. Heating-up process was also developed to separate nucleation and growth 
stages.
49
 The kinetic separation of nucleation and growth ensures synchronous nucleation 
of a well-defined ensemble of crystallites, followed by slower growth from solution, 
thereby yielding colloids with exceptional homogeneity.  
Similar to other types of nanomaterials, the common colloidal synthesis methods for I-
III-VI NCs usually include precursor decomposition, hot injection and solvothermal 
methods.
45















 resulting in various methods 
including precursor decomposition, hot injection and solvothermal methods. Their 







 and nonlinear optical devices.
55
   
 
2.3.1 Synthesis and properties of CuInS2 nanocrystals 
Among all the ternary I-III-VI semiconductor NCs, CuInS2 NCs might be the most 
extensively studied one due to its unique properties, such as direct band gap of 1.45 eV, 




) and good photoconductivity.
42
 It is not only 
promising for NIR emitters but also matches with the optimal spectral range for 
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photovoltaic applications. Traditionally, CuInS2 has been widely used in thin-film solar 
cells and is conventionally prepared by sputtering or evaporation technique.
56
 CuInS2 
NCs can be used as nanocrystal “inks” for printable photovoltaics on flexible substrates, 
and thus the synthesis of high quality CuInS2 NCs has attracted great attention.
52,57
   
Compounds with a general formula [(LR3)2CuM(ER’)4] (L = P, As; E = S, Se; M = In, 
Ga; R = aryl, alkyl; R’ = alkyl) have been used as single source precursors for chemical 
vapor deposition of chalcopyrite thin films.
58
 This could be the reason why researchers 
initially tried to obtain CuInS2 NCs from decomposition of CuIn based single-source 
molecular precursors. The precursor approaches are based on decomposing the precursor 
upon thermal heating or microwave or UV irradiation.
59
 The first nanocrystalline 
chalcopyrite CuInS2 NCs were prepared via low-temperature pyrolysis of single-source 
molecular precursor (PPh3)2CuIn(SEt)4
59a
 and later it was found that hexanethiol capped 
CuInS2 NCs emitted strongest luminescence.
59b
 Luminescent CuInS2 NCs could also be 
obtained by photochemical decomposition of similar molecular single-source 
precursors.
59c
 Although decomposition of these precursors is an efficient route, the 
process for preparation of precursors is complex and costly. It was not until recently that 






 and etc) were directly 
used as copper and indium sources and different thiols or elemental sulfur were used as 
sulfur sources. Rather than derived from a big molecule, such methods belong to the 
category of “atom-by-atom”. As previously mentioned, the major challenge is to balance 
the stoichiometric ratio between the two metal ions, i.e. Cu and In. This was facilitated by 
introducing reactivity controlling ligands, usually thiols. Dodecylthiol was used to 





  CuInS2 nanodisks (Figure 2.3 (a)) was synthesized by “heating-up” a 
mixture of CuCl, InCl3 and thiourea in oleylamine.
62
  Alternatively, CuInS2 NCs (Figure 
2.3 (b)) were synthesized by adding In(acac)3 as an In source to the reaction for 
fabrication of CuS NCs.
52, 65
 Luminescent CuInS2 NCs were obtained by thermolysis of a 
solution composed of CuAc, In(Ac)3 and dodecanethiol in noncoordinating solvent; here, 
dodecanethiol acted as both a ligand and sulfur source. It was demonstrated that an 
intermediate complex of CuIn(SC12H25)x was formed and subsequently decomposed into 
clusters which grew into CuInS2 NCs.
30c
 This method was recently refined to give high 
quality pyramidal CuInS2 NCs on gram-scale. The pyramidal CuInS2 nanoparticle 
solutions exhibit a strong size-dependent quantum confinement effect with tunable 
absorption and PL spectra when the particle size changes.
30a
 Cu(dedc)2 and In(dedc)3 
precursors were synthesized as precursors, where dedc is diethyl dithiocarbamate. By 
applying proper capping agent, reaction media and judicious choice of the precursor 
ratio, the NCs with tunable [Cu]/[In] ratio were obtained. With appropriate choice of the 
capping agent, precise control of the crystalline structure from zinc-blende to wurtzite 
was possible.
11
 Recently both zinc-blende and wurtzite CuInS2 NCs were synthesized via 
a solvothermal route. Interestingly, the two phases can be tuned by changing the solvents: 
pure zinc-blende phase CuInS2  NCs were synthesized using oleylamine as the solvent; 
wurtzite CuInS2 NCs were produced when the solvent was changed to ethylenediamine; 
while mixed zinc-blende and wurtzite NCs were produced by mixing these solvents.
66
   
Similar to CdSe based NCs, the photoluminescence of CuInS2 can be greatly improved 
by coating a layer of ZnS.
54a, 64
  CuInS2/ZnS quantum dots has been used as fluorescent 






2.3.2 Synthesis and applications of CuInSe2 nanocrystals 
CuInSe2, with a direct band gap of 1.04 eV, is considered as the leading material for high 
efficiency solar cell applications and CuInSe2 based devices was reported to achieve a 
conversion efficiency of up to around 17%.
67
  It is also a candidate for the anode material 
of photochemical devices due to its high performance and high output stability.
68
 Similar 
to CuInS2, nanocrystalline chalcopyrite CuInSe2 NCs could also be prepared by 
decomposing (PPh3)2CuIn(SEt)4 complex.
59a
 More commonly and conveniently, CuInSe2 
NCs was synthesized directly from copper and indium salts. For example, tetragonal 
chalcopyrite CuInSe2 NCs (Figure 2.3 (c)) were prepared by the direct combination of 
copper and indium salts with selenium powder in a flask with oleylamine followed by 
heating to 240 °C for 4 h.
52
 Luminescent colloidal CuInSe2 NCs were also prepared using 
copper(I) iodide and indium(III) acetate as metal sources, Se dissolved in tri-n-
butylphosphine (TBP) as Se source and photovoltaic effect was observed in the 
composite formed by this CuInSe2 NCs and Poly(3-hexylthiophene-2,5-diyl) (P3HT).
31,69
 
With precise control over the reaction temperature and the way that reactants were 
combined, monodisperse trigonal pyramidal CuInSe2 (Figure 2.3 (d)) was obtained from 
selenourea, CuCl and InCl3 in oleylamine.
70
   Hexagonal shaped CuInSe2 NCs (Figure 2.3 
(e)) were obtained by using diphenyl diselenide as the selenide source to react with the 
Cu−oleate complex and InCl3. Photodetectors with high sensitivity and stability were 
achieved by dropcasting the wurtzite CuInSe2 NCs in P3HT solution.
71
 The use of 






   
  
Figure 2.3 A collection of high quality Cu-III-VI semiconductor NCs. (a) Wurtzite 
CuInS2,
62
  (b) tetragonal (chalcopyrite) CuInS2,
52
  (c) tetragonal (chalcopyrite) CuInSe2,
52
  
(d) tetragonal (chalcopyrite) CuInSe2,
70
 (e) wurtzite CuInSe2.
71
   
 
2.3.3 Synthesis and properties of AgInS2 nanocrystals 
AgInS2 generally crystallizes in either chalcopyrite or orthorhombic phase, both of which 
show a direct band gap with a twofold optical structure near the fundamental edge. The 
reported band gap for the chalcopyrite and orthorhombic AgInS2 are 1.87 and 1.98 eV 
respectively.
43,72
 Band gap up to 2.76 eV could be achieved for AgInS2 nanocrystals.
37
 In 




chalcopyrite or orthorhombic phase AgInS2, each cation is tetrahedrally coordinated by 
four S
2-
 anions to form tetrahedrons. Chalcopyrite phase could be regarded as a 




  cation layers are alternatively 
stacked along (112) orientation (Figure 2.4). Orthorhombic phase is pseudowurtzite, 
where the two cations are alternatively stacked on every two layers along (001) 



















Figure 2.5 Structures of orthorhombic AgInS2. 
 
Pure AgInS2 shows n-type electrical conductivity, however, it can change to p-type 




 atoms. Although significant technological 
applications exist for Ag–III–VI compounds, historically, only Cu–III–VI material 
system has so far been developed for solar energy conversion and the study of Ag–III–VI 
based materials are limited to its nonlinear optical properties. It is until recently that Ag–
III–VI based materials start to attract attention and being explored as a promising 
candidate for visible light emitters
38,76




In spite that synthesis of AgInS2 NCs was reported in the literature more than a decade 
ago,
16,78
 the synthesis of high quality AgInS2 NCs with controlled sizes and shapes, is 
still at its infancy. The first good quality colloidal AgInS2 NCs with well facets (Figure 
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2.6 (a)) was obtained by decomposing the single-precursor [(Ph3P)2AgIn(SCOPh)4] in a 
mixture of dodecanethiol and oleic acid at moderate temperature. The products were pure 
orthorhombic phase and the separation between nucleation and growth could be 
automatically accomplished in this bisurfactant (dodecanethiol and oleic acid) system.
55a
 
Later, chalcopyrite AgInS2 NCs (Figure 2.6 (b)) were synthesized by hot-injection of 
sulfur precursor into Ag-In thiolate.
79
 AgInS2 NCs (Figure 2.6 (c)) with strong 
photoluminescence and long life excitons ( ≥ 3 ns) were also reported.37   
Nanoparticles of ZnS−AgInS2 solid solution with high luminescence quantum yield 
(24%) were synthesized by the thermal decomposition of (AgIn)xZn2(1-x)(S2CN(C2H5)2)4 
precursors in a hot oleylamine solution. The components and optical properties of final 
products could be tuned by the value of x in the precursor.
10e
 Zn-Doped AgInS2 NCs 
were prepared by diffusing Zn ions into the preformed AgInS2 nanoparticles and give an 




2.3.4 Synthesis and properties of AgInSe2 nanocrystals 
AgInSe2 is a direct band gap semiconductor, showing a three-fold optical structure near 
the fundamental edge due to crystal-field and spin-orbit splitting of the uppermost 
valence band.
81
 With a band gap value of 1.2 eV, AgInSe2 is one of the most promising 
materials for NIR application as well as for the preparation of Schottky diodes and solar 




The fabrication of AgInSe2 NCs, especially through colloidal synthesis was quite rare and 
only chalcopyrite AgInSe2 nanorods
81
 and thin film
82
 were reported. The orthorhombic 
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phase of AgInSe2, (Figure 2.6 (d) and (e)) as an isostructure of the orthorhombic phase 
AgInS2, was first reported by the thermolysis of [(PPh3)2AgIn(SeC[O]Ph)4] in a mixture 
of oleylamine and dodecanethiol.
40
 The synthesis and study of AgInSe2 NCs is very 
immature and there remains a vast opportunity for further exploration. To the best of our 
knowledge, the only chalcopyrite of AgInSe2 NCs available in literature is shown in 
Figure 2 (f).  
As previously shown in Figure 2.3, the development of synthetic chemistry for Cu based 
I-III-VI semiconductor NCs has provided high quality materials with controlled size, 
shape and compositions. However, from Figure 2.6 and the above literature review, we 
can conclude that the synthesis of Ag based I-III-VI semiconductor NCs is still at its 
initial stage regarding to both synthetic methods and applications. This explains why the 
quality of Ag based I-III-VI semiconductor NCs is far below that of Cu based I-III-VI 
semiconductor NCs.   
 
    





Figure 2.6 A collection of Ag based I-III-VI semiconductor NCs. (a) orthorhombic-phase 
AgInS2,
55a
  (b) AgInS2 nanorods,
28
 (c) AgInS2 (phase not specified),
37
 (d) orthorhombic 
phase AgInSe2 nanorod,
40







2.3.5 Synthesis and properties of manganese oxide nanocrystals 
Metal-oxide nanocrystals have attracted considerable interest related to their wide 
potential applications, such as catalysis, supercapacitors, energy storage, magnetic data 
storage, electrochemical materials and sensors.
84
 Compared with their bulk counterpart, 
colloidal metal-oxide nanocrystals exhibit favourable enhanced kinetics and activity 
owing to their unique size-dependent properties and excellent processability.
84h, i
  
Among the various kinds of transition-metal oxides, manganese oxides have been one of 
the most attractive topics because of their potential applications in diverse areas, 
including rechargeable lithium ion batteries, catalysis, supercapacitors, and magnetics.
85
 
The common phases of manganese oxides are manganese monoxides (MnO) manganese 
dioxides (MnO2) and manganese (II, III) oxide (Mn3O4).  
(d) (e) (f) 
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Bulk MnO is antiferromagnetic, while MnO nanoparticles exhibited ferromagnetic 
properties.
86
 MnO nano-hexapods were synthesized using manganese formate in a 
mixture of amine and carboxylic acid at high temperature.
87
 MnO nanocrystals with 
controlled sizes ranged from 7 nm were obtained by decomposing manganese acetate at 
320°C in trioctylamine and oleic acid and larger sizes (up to 20 nm) of MnO nanocrystals 
could be obtained by allowing the 7 nm nanocrystals to grow at lower temperature 
(100
o
C) at defined time.
88
  Usually decomposing manganese acetate in OLA dominated 
system led to the formation of Mn3O4 nanocrystals, regardless of the air or inert 
atmospheric conditions.
89
 However, by adding proper amount of water into the system, 
MnO nanocrystals could also be obtained owing to that the presence of water prohibits 
further oxidation of the formed MnO.
90
 
Mn2O3 have found applications in waste gas absorption and removal as an environment-
friendly catalysts.
91
 Mn2O3 has also involved in the preparation of soft magnetic materials 
as an inexpensive precursor, as well as an electrode materials for rechargeable lithium 
batteries.
92
 Cubic Mn2O3 nanocrystals could be obtained via a two step synthesis: 
reaction of the manganese chloride with sodium carbonate in aqueous solution, followed 
by the heat-treatment of the as-formed manganese carbonate microspheres.
93
 γ-Mn2O3 
was prepared by reduction of KMnO4 in water containing hydrazine at room 
temperature.
94
   
MnO2 is one of the most attractive inorganic materials because of its physical and 
chemical properties and wide applications in catalysis, ion exchange, molecular 
adsorption, biosensor, and particularly, energy storage.
85c,95
 MnO2 has exhibited 
structural flexibility and is found to exist in several crystallographic forms, such as α-, β-, 
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γ-, δ-, λ- and ε-type, where the basic structure unit (namely, the [MnO6] octahedron) is 
linked in different ways.
96
 MnO2 nanostructures were usually obtained by hydrothermal 
reaction of manganese salts.
97
  







 In Mn3O4, manganese is 
present in two oxidation states (+2 and +3), and the formula is sometimes written as 
MnO·Mn2O3. Mn3O4 nanocrystals could be prepared from MnO with controlled chemical 
oxidation.
88
 Shape-controlled Mn3O4 nanocrystals have been reported to be obtained in 




2.4 Heterostructured Nanocrystals 
2.4.1 Overview of heterostructured nanocrystals 
An important research direction in nanofabrication is the expansion from single-
component nanoparticles to multicomponent nanostructures. The discrete domains of 
different materials are arranged in a controlled fashion, thereby allowing optical, 
magnetical, and catalytic active sections to coexist.
100
 Heterostructured nanocrystals 
(HNCs), also known as hybrid nanocrystals, is a new emerging and active field in recent 
years.
101
 In a broader view, the different domains can be either organic or inorganic. Here 
we confine our discussion to colloidal nanostructures composed of only inorganic 
components. Basically, they are two or more chemically different inorganic nanocrystals 
grouped together through an inorganic junction/interface.
102
 This implies that the 





 Controlling the size, composition, and structure of HNCs at the nanoscale 
and/or molecular to atomic level allows/will allow novel synergistic properties and even 
new phenomena to be observed with each individual hybrid nanoparticle. In a 
macroscopic structure composed of different materials, the properties for the overall 
structure are the combination of the original properties from each component. In HNCs, 
however, they retain the original properties from each component. Other than that, 
enhanced and/or new properties can be attained due to the synergetic effect of the 
separate components. This is Especially for HNCs which composed of different metals 
and/or semiconductors, the overlapping of the electronic bands of adjacent material 
domains may give rise to enhanced and/or new physical-chemical behaviour. This is 
impossible for any of their components alone and for their macroscopic physical 
mixtures.
100b
 In addition, the enhanced or modified properties may arise from the 
interfaces, which can be shared between the materials since the ratio of interface is quite 
paramount in a nanostructure. Enhanced and tunable photoluminescence has been 
observed in the well-studied core/shell structure of both type I and type II QDs.
6e,103
  
Modified magnetic behavior, and improved photocatalytic and photoelectrochemical 
responses have been reported for metal-metal and metal-oxide configurations, depending 
on the specific combination.
102
 It was reported that in Au-CdSe HNCs,  electron transfer 
may occur from CdSe nanorod to the Au tip and quenches the photoluminescence of 
CdSe nanorod.
104
 The reduction of second harmonic generation (SHG) signal can only be 
observed when the interfacial region of CdSe−Au is dominant over the whole hybrid 
nanoparticle.
105,106
 Colloidal hybrid nanoparticles with multifunctional properties have 
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facilitated diverse applications in biological imaging, cancer therapy, solar energy 
conversion, fuel-cell catalysis, electronics and magnetism.
107
 
Generally speaking, compared with single component materials, the advantages of HNCs 
lie in three aspects. Firstly, different functionalities can be integrated. This allows optical, 
magnetic, and catalytic components to function together in one system. Secondly, the 
solid-state interfaces may provide novel functions not available for physical mixtures or 
nanostructures assembled using molecular or biological linkers.
107
 Thirdly, the enhanced 
properties that are impossible for single-component materials or macroscopically 
integrated materials can be achieved. Exciting technological perspectives are thus 
emerging, which fully justify further efforts toward the realization of novel types of 
HNCs.
102
 Figure 2.7 shows a gallery of HNCs which combine different material systems 




Figure 2.7 Transmission electron microscopy (TEM) images of a collection of HNCs.  
(a) Au-tipped CdSe tetrapod; (b) Fe2O3-tipped TiO2 nanorods; (c) Au-tipped Co 
nanorods; (d) Au covered CdS nanorods; (e) Pt on CdSe networks; (f) Au on PbSe 
nanowires; (g) PbS-Au-PbS dumbbell structures; (h) Au on PbS; (i) CdS/FePt dimers; (j) 
Au/Fe3O4 dimers; (k) Au@Fe3O4 particles; (l) Au@hollow iron oxide nanocrystals; (m) 









HNCs can be classified based on the component materials, such as metal-metal, metal-
semiconductor, metal-oxide, metal alloy-metal oxide and etc. Among them, those 
composed of metal-semiconductor might be most useful for future microelectronics. 
Semiconductor nanomaterials have been suggested as integral components in future-
generation electronic devices. However their use is often limited by difficulties in 
forming electrical contacts with neighbouring areas. Currently, metallic contacts are 
integrated on a semiconductor device by employing highly advanced top-down 
fabrication methods. It is therefore highly demanding to grow metallic nanoparticle (NP) 
contacts onto a semiconductor nanocrystal using the bottom-up approach.   
From the viewpoint of shapes and structures, HNCs can be classified as centrosymmetric 
and noncentrosymmetric or nonconcentric structures. Centrosymmetric structures are 
typically core/shell structures, in which the symmetry of the starting core is usually 
retained by covering another inorganic layer, when the lattice mismatch of the two 
materials are smaller than 5%. Typical examples are CdSe@ZnS and CdSe@CdS QDs. 
Nonconcentric nanostructures are formed in the case of materials that are poorly miscible 
and/or structurally dissimilar, or when the seed nanoparticle exhibits remarkable facet-
dependent chemical reactivity. The resulting structures usually comprise two or more 
nearly discrete inorganic domains with tailored sizes and/or shapes interconnected 
through a small junction area. Typical structures for nonconcentric nanostructures are 
dimers, dumbbell structures and other complex structures.  The pioneering work was first 
developed by growing Au on one or both tips of the CdSe nanorod.
108
    
In contrast to centrosymmetric geometry, noncentrosymmetric hybrid NCs could 
considerably extend the technological performances of the individual components. 
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Noncentrosymmetric architecture offers multiple surface platforms that can facilitate the 
site-specific anchoring of biomolecules, electrical connections and chemically directed 
assembly of colloidal nanostructures.
100b
 The overall properties can be modified as a 
result of the contact junction with another material. For instance, the charge carriers in 
semiconductor heterostructures can be either localized preferentially in one domain for 
Type I heterojunction or separated more efficiently for Type II heterojunction, depending 
on the relative band gap alignment of the components. This would have important 
implications in optoelectronic and photovoltaic applications.  Furthermore, the hybrid 
NCs would allow the introduction of anisotropic distributions of surface functional 






      
         
 
Figure 2.8 Schematic of typical HNCs with centrosymmetric, non centrosymmetric and 
alloy configurations.  
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Solid solution, i.e. alloy, is also a kind of HNCs. The different types of atoms can be 
randomly or uniformly distributed in the particle. Figure 2.8 gives a schematic illustration 
of the above HNCs structures.  
 
2.5 Construction of Heterostructured Nanostructures 
2.5.1 Seeded growth  
The successful fabrication of hybrid nanostructures builds upon the extensive knowledge 
accumulated on the advancements of colloidal synthesis on single-component 
nanocrystals, which have set the fundamentals for synthesis of HNCs. The construction 
of HNCs requires the combination of two or more different materials into one system, 
more commonly, one particle to nucleate directly on the surface of another.   
The current prevailing method for HNCs fabrication is to take monodisperse 
nanoparticles of one material as the seeds/template (it will act as the first phase for the 
final heterostructures) while the other phase is chemically deposited or grown onto this 
first phase. Two typical structures result from such a seeded growth process: (i) 
centrosymmetric core/shell structures via the formation of a conformal, complete shell of 
the second material on the surface of the seed/template; (ii) heterodimer structures 
formed by deposition and growth of the second material on specific site(s) of the 
seed/template.
110
 Both kinetic processes and thermodynamic factors come into play 
during the synthesis of HNCs in colloidal media, ultimately deciding which topology the 
resulting nanoheterostructure will adopt. The uniform size and shape distribution of 
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preformed colloidal seeds is a prerequisite for subsequent control over structures of 
HNCs.  
Seeded growth has been proven to be a powerful technique to grow functional materials 
in a controlled fashion. The nanoparticles usually nucleate and grow very fast, and it is 
difficult to terminate the reaction at the desired stage of particle growth. This leads to 
polydispersity of the products,
111
 however, the particle size can be adjusted by using 
small nanoparticles as seeds for further growth by adding controllable amounts of 
molecular precursors. Seeded growth for colloidal synthesis of uniform Au nanorods was 
first developed.
112
 The basic approach employed faceted small Au nanoparticles capped 
by surfactants (usually citrate surfactants) as seeds to direct the growth of Au nanorods 
by reduction of metal salts with a strong reducing agent. The major advantage of this 
strategy is that it overcomes the nucleation stage with all its associated problems that 
competes with growth which would otherwise lead to broad distributions of sizes and 
shapes. Besides metals, it was employed in the growth of larger metal oxide nanoparticles 
on seeds of the same metal oxide.
113
 Seeded growth not only can be used to elongate (i.e. 
from seed nanoparticles to nanorods or a larger size with controlled facets) but also can 
form more complex structures (e.g. branches formed on specific sites of the seeds) of the 
same material with the seed (homogeneous seeded growth).
114
  The material of the seed 
and the subsequent growth material do not have to be necessarily the same 
(heterogeneous seeded growth), which yields heterogeneous structures with more tunable 
properties than those formed from a single material. For example, seeded growth has 
been used to prepare core/shell bimetallic nanoparticles.
115
  Preformed semiconductor 
nanorods and tetrapods precursors, usually CdS or CdSe, was used as seed to grow 
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disparate metal nanoparticle tips, which provides an efficient way to solve the difficult 
problem of contacting colloidal nanocrystals to the external electric circuits.
108,116,117
  
For both homogeneous and heterogeneous growth, the quality and shape of the seeds is 
the determining factor for the final structures. The properties of the nanocrystal seed may 
influence growth in a variety of ways. By tailoring the crystal phase of seeds, it has been 
shown that resulting shapes can be engineered between nanorods and tetrapods.
118
 The 
HNCs can also act as seed to build even more complex heterogeneous structures by 
applying seeded growth reactions stepwisely. It has recently been demonstrated that M–
Pt–Fe3O4 (M = Au, Ag, Pd, Ni) heterotrimers was grown from Pt–Fe3O4 heterodimers by 
reduction of metal salts on electron-rich Pt domain. More interestingly, by using the as-
prepared Au–Pt–Fe3O4 heterotrimers as seeds, MxS–Au–Pt–Fe3O4 (M = Pb, Cu) 
heterotetramers could be further constructed.
107
 This investigation filled the gap of the 
growing disconnection between design and synthesis of more sophisticated architectures 
to fulfil the requirements of advanced technology.   
 
2.5.2 Homogeneous nucleation vs. heterogeneous nucleation  
The successful synthesis of HNCs structures relies essentially on promoting 
heterogeneous nucleation while suppressing homogeneous nucleation, i.e. the formation 
of separate nanoparticles of the secondary component. It is stringent to control 
experimental parameters such as the reactant concentration, seed-to-precursor ratio and 
heating profile, so that the concentration of the precursor is below the homogeneous 





As mentioned in Chapter 2.3, the energy barrier for the homogeneous nucleation of a 
material is typically quite large; it is difficult for nanoparticles to spontaneously nucleate 
and grow in solution without a driving force. During the formation of HNCs, the seed 
particles, usually noble metals, often participate in the reaction as catalysts, where charge 
transfer between the seeds and newly nucleated components is involved. This lowers the 
energy for heterogeneous nucleation. Attempts to synthesize hybrid nanoparticles make 
use of this large energy barrier difference; because the energy barrier for the 











Figure 2.9 Energy barriers for homogeneous nucleation and heterogeneous nucleation. 
 
2.5.3 Chemical transformation of nanostructures 
Chemical transformation of existing nanostructures from one component to another may 
allow the development of previously nonaccessible nanostructures and applications to 
progress in a straightforward, economic, and powerful fashion. The transforming 
processes in a bulk solid are usually quite slow and only limit to the surface region due to 
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the high energy barrier for the diffusion of reactant atoms and ions.
119
 However, the 
kinetic barrier for diffusion in nanostructures can be greatly reduced due to the large 
surface-to-volume ratios. This allows complete transformation of nanostructures into 
chemically different materials. Based upon the different types of diffusion ions, chemical 
transformation can be divided into two categories, namely cation exchange and anion 
exchange. As an example for cation exchange, the chemical transformation of 
nanocrystals from CdSe to Ag2Se can be completed instantaneously at room temperature 




















Typical example for anion change usually involved the diffusion of S
2-
 into oxide system. 
Hollow ZnS nanostructures could be obtained from anion exchange of ZnO 
nanoparticles.
122
 Multishelled hollow Cu2S structures could also be obtained from anion 





Figure 2.10 presents the principles of these two types of chemical transformation. The 
facile ability to replace cations/anions of a nanocrystal with different cations/anions, 
while preserving size and shape of the original structures, therefore provides a flexible 
strategy for the fabrication of other nanocrystals of interest. 
Partially cation exchange would enable transformation of multicomponent 
nanoheterostructures. This is an important and effective way to achieve heterogeneous 
nanocrystals. Cation exchange holds particular promise for the fabrication of 
multicomponent heterostructured nanocrystals. It circumvents homogenous nucleation 
that usually associated with seeded growth.
124
 The first example for this concept was 
reported in 1994. They published the transformation of CdS nanoparticles into layered 
CdS/HgS/CdS nanocrystals via partially cation exchange reactions.
125
 However, due to 
the underdevelopment of nanofabrication and limitation of TEM techniques at that time, 
not enough confirmed data could be given. A beautiful demonstration of periodic 
CdS/Ag2S nanoheterostructures was presented through partial exchange of Cd
2+
 ions in 





Seeded growth and cation exchange could be used together to design new structures. By a 
sequential cation exchange and seeded growth mechanism, CdSe octapod-shaped 
nanocrystals and multiarmed CdTe/CdSe nanocrystals were from Cu2−xSe 
nanocrystals.
127
   
 
2.6 Green Chemistry: the Trend of Future Nanosynthesis 
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The past two decades has witnessed the rapid development for the colloidal synthesis of 
nanomaterials and exploration of their potential applications in various areas, yet it also 
brings forward concern about the health and environmental impacts on the production 
and usage of nanomaterials. Paul Anastas and John Warner developed the 12 principles 
of green chemistry in 1990s.  Generally speaking, “green chemistry is the utilization of a 
set of principles that reduces or eliminates the use or generation of hazardous substances 
in the design, manufacture and application of chemical products.”128 The key issues that 
address these principles include the design of a synthetic route, chemical analysis, or 
chemical process, such as utilization of nontoxic chemicals, environmentally benign 
solvents and renewable materials. Previously, these efforts have been applied almost 
exclusively to organic synthesis.
129
  
Nanoscience is still largely in the “discovery” era. Typically, during this era, researchers 
focus mainly on fabricating new materials, exploring new properties, developing 
prototyped devices.  Especially wherein new materials are being synthesized on small 
scales (milligrams range) for laboratory study, the examination of any unintended 
properties of the material (e.g., environmental or health hazards) or concerns about 
hazards or efficiencies of the production process is often deferred.  The application of 
green chemistry principles in colloidal synthesis is still in its initial stage. Even in the so-
called “green” synthesis for nanofabrication, researchers usually just eliminate or find 
replacement(s) for one or two toxic/hazardous starting materials. The first 
implementation of green chemistry principles in the field of colloidal nanocrystals was 
carried out through replacing the extremely toxic and pyrophoric Cd(CH3)2, which is both 
expensive and unstable with CdO  in the synthesis of CdSe notwithstanding the use of the 
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highly toxic and user-unfriendly solvents (TOPO and TOP)  to dissolve reacting 
materials.
6g, 130
   
In the fabrication of nanocrystals, three main steps should be evaluated from a green 
chemistry perspective:  (1) the choice of the solvent medium used for the synthesis, (2) 
the choice of an environmentally benign reducing agent, and (3) the choice of a nontoxic 
material for the stabilization of the nanoparticles.
131
 In short, green chemical route stands 
for safe, simple, inexpensive, versatile and user friendly. In the long run, green chemistry 
should play a guiding role in nanotechnology to provide the maximum benefit of these 
products for the society and environment. It is desirable to develop greener 






CHAPTER 3 CHARACTERIZATION TECHNIQUES  
This chapter briefly introduces the material characterization techniques related to the 
thesis, including measurements of crystallographic information, sample morphology, size 
distribution, elemental composition, chemical bonding information, and optical properties. 
 
3.1 X-Ray Diffraction (XRD) 
The crystallographic information of the obtained samples was established by powder X-
ray diffraction (XRD). XRD is one of the most powerful techniques for qualitative and 
quantitative analysis of crystalline compounds and provides information that cannot be 
obtained any other way. When a material (sample) is irradiated with a parallel beam of 
monochromatic X-rays, the atomic lattice of the sample acts as a three dimensional 
diffraction grating causing the X-ray beam to be diffracted to specific angles. The 
diffraction pattern, that includes angles and intensities of the diffracted beam, provides 
information about the sample, such as types and nature of crystalline phases, degree of 
crystallinity, amount of amorphous content, grain size and orientation of crystallites. The 
crystallographic phases of the synthesized nanostructures in this thesis were analyzed by 
a X-ray diffraction (XRD) spectrometry (Bruker D8 Advance) equipped with a Cu Kα1 
radiation source (λ = 0.15406 nm) from 20o to 80o (2θ angle) at a scanning speed of 1o 
min
−1
. X-ray tube voltage and current were set at 30 kV and 20 mA, respectively. The 
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sample was prepared by dropping several drops of concentrated solution of NCs in 
toluene or ethanol on to zero background silicon holder.   
 
3.2 Transmission Electron Microscopy (TEM)/High-Resolution 
Transmission Electron Microscopy (HRTEM) 
The particle size distribution and morphology were characterized by high-resolution 
TEM (HRTEM; JEM 2100F). Transmission electron microscopy uses high energy 
electrons (up to 300 kV accelerating voltage) which are accelerated to nearly the speed of 
light. The electron beam behaves like a wavefront with wavelength about a million times 
shorter than lightwaves. When an electron beam passes through a thin-section specimen 
of a material, electrons are scattered. A sophisticated system of electromagnetic lenses 
focuses the scattered electrons into an image or a diffraction pattern, or a nano-analytical 
spectrum, depending on the mode of operation. 
The samples for TEM analysis were prepared by dropping a diluted solution of the HNCs 
in toluene or ethanol on carbon-coated copper grids and then allowing the solvent to 
evaporate under ambient condition before it was placed in the sample holder of the 
microscopes. 
 




The element ratio was done by energy-dispersive X-ray spectroscopy (EDX, Oxford 
instruments, Model 7426) attached to a scanning electron microscopy (SEM, JEOL, 
JSM-5600LV).  In a typical sample preparation, a concentrated nanocrystal solution in 
toluene or ethanol is spread onto double-sided carbon tape which adheres with a copper 
stub in advance. Carbon tape can be replaced by copper tape to prepare sample from 
well-dispersed suspension, followed by solvent evaporation under ambient condition 
before it was placed in the sample holder of the microscopes. As the electron beam of 
SEM scans across the sample surface, it induces X-ray fluorescence irradiation from 
sample atoms. The energy of each X-ray photon is a characteristic of element under 
inspection, therefore, material composition and elemental ratio can be drawn from sorting 
and plotting X-ray energies. 
 
3.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface analysis (within 10 nm depth) technique. It uses a soft X-ray source 
(usually Al Kα or Mg Kα) to ionise electrons from the surface of a solid sample. The 
binding energy of these electrons are measured and are characteristic of the elements and 
associated chemical bonds (chemical state) in the top few atomic layers of the material.  
Chemical elements and environment investigation of the samples was carried out with X-
ray photoelectron spectroscopy (XPS, AXIS-Ultra
DLD
, Kratos Analytical Ltd, 
monochromatic Al Kα with hν = 1486.71 eV, X-ray radiation of 15 kV and 5 mA). The 
X-ray photoelectron spectra of the studied elements were referenced to the C 1s peak 
arising from adventitious carbon (its binding energy was set at 284.6 eV).  A typical XPS 
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spectrum is a plot of the number of electrons versus the binding energy (BE), and each 
element generates a unique set of XPS peaks of BE that can be used to identify surface 
composition. As the number of electrons is proportional to the quantity of each element, 
the peak areas or peak heights with sensitivity factors can be used to determine element 
ratios on the surface. When preparing powder sample for XPS analysis, a tiny amount of 
powders are spread evenly onto a double-sided tape which adheres with a small piece of 
glass.    
 
3.5 Ultraviolet Visible Near Infrared Light Spectroscopy (UV-Vis-NIR) 
UV-Vis-NIR spectroscopy can measure absorption from ultraviolet, visible to near 
infrared wavelength region. The information obtained can be used to determine the band 
gap of the materials. In this project, absorption spectra of NCs were recorded on a 
Shimadzu 3600 spectrometer.  A small amount of sample powder is first dispersed in 
around 3.5 mL of solvent by ultrasonication, and it is transferred to sampling quartz 
cuvette, while the same solvent is added in the other cuvette as reference. 
 
3.6  Photoluminescence (PL) 
Photoluminescence (PL) is the spontaneous emission of light from a material under 
optical excitation.  When light of sufficient energy is incident on a material, photons are 
absorbed and electronic excitations are created. Eventually, these excitations relax and 
the electrons return to the ground state. If radiative relaxation occurs, the emitted light is 
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called PL. Photoluminescence excitation (PLE) and photoluminescence (PL) spectra 
were taken using a Perkin Elmer-LS55 luminescence spectrometer at room temperature. 
The Near-infrared (NIR) fluorescence spectra were collected with the Fluorolog-3 
steady-state spectrofluorometer (HORIBA JOVIN YVON INC.) equipped with 
Hamamatsu R5509 series near-infrared photomultiplier tube (PMT) with C9940-02 liquid 




CHAPTER 4 SYNTHESIS OF BINARY AND TERNARY 
CHALCOGENIDE SEMICONDUCTOR NANOCTRYSTALS  
4.1 Introduction 
Semiconductor nanocrystals have been considered as key components for future 
technology. Among the various types of semiconductor nanocrystals, CdSe based 
quantum dots have found wide applications in many fields including optoelectronics, 
photovoltaics and biological labeling.
7,8,6a,6i,9
 However, due to the intrinsic toxicity of 
CdSe, it is imperative to develop non-toxic or less-toxic functional nanomaterials which 
can be fabricated and applied in a sustainable and environmental friendly manner.  I-(III)-
VI semiconductor nanocrystals are considered as the most promising candidate materials 
for their comparable properties and much lower toxicity. The two common categories are 
Ag-(III)-VI and Cu-(III)-VI materials.  Although both are less studied compared with 
CdSe based nanomaterials, research on Ag-(III)-VI nanomaterials has been even under-
developed compared with Cu-(III)-VI materials, owing to lack of suitable synthetic 
methods.
132
 In this Chapter, our objective is to develop a general and facile method to 
fabricate Ag-(III)-VI nanomaterials.  
Among all the silver chalcogenides NCs, except that Ag2S have been studied in greater 
detail, the explorations of other compounds, i.e. Ag2Se, AgInS2, and AgInSe2 were far 
underdeveloped and not enough confirming information was given—some even lack 















 the synthetic strategies have been quite fragmentary 
and usually only limited to only one or two compounds.
13b,50
 In addition, they were 
usually obtained from complex precursors or toxic agents.
14
 Although synthesis of 
AgInS2 NCs has appeared in the literature more than a decade ago,
16,78
 the synthesis of 
good quality AgInS2 NCs with controlled sizes and shapes is still at its infancy. The 
investigations on the synthesis and properties of Ag2Se and AgInSe2 nanomaterials are 
even less pursued. Among the very few reported works, they are obtained either from 
complex pre-synthesized precursors,
40
 or the usage of highly toxic solvents.
12,15
 Thus, it 
is highly desirable to develop a general synthetic method through a safe, simple, 
inexpensive, reproducible, and versatile route.  
The colloidal synthesis usually involves the cointeraction of several types of surfactants 
and solvents, which makes the reaction system very complex and impedes further study 
of the mechanism for nanocrystals formation. This chapter explores the colloidal 
synthesis of Ag-(III)-VI nanocrystals with only the necessary element-providing 
chemicals (i.e. silver salts to provide silver element for the final products, indium salts to 
provide indium element for the final products, and sulfur or selenium to provide sulfur or 
selenium for the final products) and a reaction medium. Oleylamine has been frequently 
used in the synthesis of nanocrystals together with other surfactants/solvents. Researchers 
have synthesized quaternary Cu2ZnSnS4 NCs with OLA method without using any other 
surfactants or solvents.
40,133
 Encouraged by their technique, we embarked our hypothesis 
by further extending the OLA method to other binary and ternary semiconductor NCs 
which is to use only the necessary metal salts and elemental sulphur or selenium as the 
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base for synthesis.  In this way, the OLA will act as both the surfactant and solvent 
thereby we are able to avoid the use of other toxic, unstable and user-unfriendly 
chemicals. The investigation in this chapter demonstrates that oleylamine itself can be 
used as a reaction medium to obtain various types of nanocrystals (including both binary 
Ag2S, Ag2Se and ternary AgInS2, AgInSe2) by tuning the “external” experimental 
conditions such as input ratio of chemicals, reaction time and temperature.  
By tuning the ratio of input chemicals, at proper reaction temperature and reaction time, 
we obtained five types of silver chalcogenides, specifically, AgInSe2 with two different 
phases could be readily obtained simply by adjusting the experimental parameters 
without using other surfactants. The final products include phase pure monoclinic Ag2S, 
orthorhombic Ag2Se, orthorhombic AgInS2, and orthorhombic AgInSe2 and tetragonal 
AgInSe2. The study on ternary nanomaterials is quite rare compared to the binary 
nanomaterials due to the difficulties to obtain a phase pure the ternary compound. 
Ternary semiconductors have two metal elements with different reactivities and it is 
always a concern to balance the stoichiometric ratio between the two metal elements.
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Our study shows that the reactivities of silver and indium salts could be tuned by 
adjusting the input ratio of the two metal salts, without using any reactivity controlling 
ligands. 
 




Silver nitrate (AgNO3, for analysis, Mallinckrodt Chemical), copper (I) acetate (Cu(I)Ac, 
CuCO2CH3, Strem Chemicals), copper (II) acetate monohydrate (Cu(CO2CH3)2·H2O, 
CuAc, puriss, p.a., Sigma-Aldrich), oleylamine [CH3(CH2)7CHCH(CH2)7CH2NH2, OLA, 
Acros Organics, 80-90%], sulfur flakes (S,  Aik Moh Paints & Chemicals), selenium 
powder (Se, Acros Organics, 99.5+%), indium chloride (InCl3, anhydrated, Strem 
Chemicals), toluene (C7H8, J.T. Baker), and ethanol (C2H5OH, Merck) were used in the 
synthesis without further purification except that the sulfur flakes were ground into 
powder before use. 
 
4.2.2 Synthesis of Ag2S nanocrystals 
0.0850.170 g of AgNO3, 0.0160.048 g of sulfur and 10 mL of OLA were mixed and 
stirred at room temperature for 4 h. This solution was then transferred to a Teflon-lined 
stainless steel autoclave. Solvothermal synthesis was conducted at 120200oC for 14 h 
in an electric oven.  
 
4.2.3 Synthesis of Ag2Se nanocrystals  
0.0850.170 g of AgNO3, proper amount of Se (the ratio of Se to Ag was kept at 1:2), 
and 10 mL of OLA were mixed and stirred at room temperature for 13 h.  This solution 
was then transferred to a Teflon-lined stainless steel autoclave. Solvothermal synthesis 
was conducted at 200
o
C for 12 h in an electric oven.  
 
4.2.4 Synthesis of AgInS2 nanocrystals 
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AgInS2 NCs could be obtained by both solvothermal and reflux methods. (a) By 
solvothermal method.  0.170 g of AgNO3, 0.221 g of InCl3, 0.096 g of sulfur and 15 mL 
of OLA were mixed and stirred at room temperature for 20 h, then 5 mL of ethanol was 
added and kept stirring for 15 min. The above solution was then transferred to a Teflon-
lined stainless steel autoclave. Solvothermal synthesis was conducted at 200
o
C for 4 h in 
an electric oven. (b) By reflux method. 0.170 g of AgNO3 and 0.23 g of InCl3 in 10 mL of 
OLA were mixed and stirred in a two-neck flask. The flask was put in 230
o
C oil bath and 
kept stirring for 12 min, and 0.096 g of sulfur dissolved in 10 mL of OLA was added. 




4.2.5 Synthesis of AgInSe2 nanocrystals 
AgInSe2 NCs could be obtained by both solvothermal and reflux methods. (a) By 
solvothermal method.  0.085 g of AgNO3, 0.110 g of InCl3, 0.119 g of Se and 10 mL of 
OLA were mixed and stirred at room temperature for 20 h, then 5 mL of ethanol was 
added and kept stirring for another 15 min.  The above solution was then transferred to a 





h in an electric oven. (b) By reflux method. 0.350 g of AgNO3 and 10 mL of OLA were 
mixed in one beaker. 0.450 g of InCl3 and 10 mL of OLA were mixed in another beaker. 
After these two solutions were stirred at room temperature for 3 h, they were mixed 
together and kept stirring (Ag-In/OLA). At the same time, 0.120 g of Se was dispersed 
into 10 mL of OLA (Se/OLA) in a two-neck flask and kept stirring for 3 h at room 
temperature and formed a uniform dispersion.  After that, the Se/OLA dispersion in the 
flask was put into oil bath under argon (Ar) protection at room temperature. The oil bath 
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temperature was then set as at 220 
o
C.  After the temperature was raised to 160
o
C, 10 mL 
of Ag-In/OLA was added. After the temperature was increased to 220
o
C, the flask was 
kept stirring at 220 
o
C for another 2 h.  
 
4.2.6 Synthesis of CuInS2 nanocrystals 
0.183 g of Cu(I)Ac, 0.343 g of InCl3 and 10 mL of OLA were loaded in a two neck flask, 
and was put in 230
o
C oil bath under Ar protection and kept refluxing for 20 min. The 
solution turned from green to blue during heating.  0.147 g of sulfur dispersed in 10 mL 
of OLA was added into the solution and kept stirring for another 2 h and stop the 
reaction.  
 
4.2.7 Synthesis of CuInSe2 nanocrystals 
The stock solutions of Cu/OLA, Se/OLA and In/OLA were prepared by dissolving 
weighed amounts of Cu(II)Ac, selenium and InCl3 in an appropriate volume of OLA 
solvent to form a suspension with a resultant concentration of 0.10 mol/L for each of 
them. A two neck flask loaded with 5 mL of OLA was put in 200
o
C oil bath and kept 
refluxing for 10 min, and 0.4 mL of the above Cu/OLA stock solution was added.  After 
the mixed solution was kept stirring for 30 min at 200
o
C, 0.4 mL of In/OLA and 1.0 mL 
of Se/OLA stock solutions were added. The resultant mixture were kept stirring for 
another 30 min.  
 
4.2.8 Sample washing and re-dispersion 
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After the reaction, the autoclave or the flask was cooled to room temperature. The 
products from Sections 2.2 to 2.8 were precipitated by adding ethanol (812 mL) 
followed by two to three cycles of centrifugation at 4000 rpm to remove excess surface 
OLA. The NCs after washing were well dispersed in organic solvents such as 
cyclohexane and toluene. 
 
4.2.9 Materials characterization 
Crystallographic phases of the above prepared products were investigated by a X-ray 
diffraction (XRD) spectrometry (Bruker D8 Advance) equipped with a Cu Kα1 radiation 
source (λ = 0.15406 nm) from 20o to 80o (2θ angle) at a scanning speed of 1o min1. 
Morphologies of samples were characterized by transmission electron microscopy 
(TEM/SAED; JEM-2010, 200 kV) and high-resolution TEM (HRTEM/SAED; JEOL-
2100F, 200 kV). The TEM samples were prepared by dropping one drop solution of NCs 
in toluene or cyclohexane onto carbon coated copper grid. Absorption spectra of NCs 
were recorded on a Shimadzu 3600 spectrometer by dispersing the nanocrystals in 
toluene and using toluene as reference.  Photoluminescence (PL) spectra were taken 
using a Perkin Elmer-LS55 luminescence spectrometer at room temperature. The Near-
infrared (NIR) fluorescence spectra were collected with the Fluorolog-3 steady-state 
spectrofluorometer (HORIBA JOVIN YVON INC.) equipped with Hamamatsu R5509 
series near-infrared photomultiplier tube (PMT) with C9940-02 liquid nitrogen cooler. 
The composition and oxidation state of NCs were further analyzed by X-ray 
photoelectron spectroscopy (XPS; Kratos AXIS Ultra
DLD
, Kratos Analytical Ltd, Mono 
Al Kα, hν = 1486.71 eV, 5 mA, 15 kV). The binding energies obtained in the XPS 
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analysis were calibrated with reference to C1s (284.6 eV). The element ratio was done by 
energy-dispersive X-ray spectroscopy (EDX, Oxford instruments, Model 7426) attached 
to a scanning electron microscopy (SEM, JEOL, JSM-5600LV).  
 
4.3 Results and Discussion 
4.3.1 Confirmation of phase pure products 
Due to the complexity involved in the reactions, achieving phase purity for the final 
products is the foremost issue. This is especially important for the synthesis of ternary 
compounds, for example, the coexistence of Ag2S together with AgInS2 and the 
coexistence of Ag2Se together with AgInSe2. Therefore, firstly, the phase identification 
of the NCs was performed by X-ray diffraction (XRD) to verify the phase purity of the 
products. The XRD patterns for the products and the respective standard patterns are 
shown in Figure 4.1, where “_s” stands for NCs obtained by solvothermal method while 
“_r” stands for NCs obtained by reflux method.  The graphs reveal the single phase of all 
the six products and they match well with monoclinic Ag2S (space group: P21/n, lattice 
constants: ao = 4.229 Å, bo = 6.931 Å and co = 7.862 Å; JCPDS card no. 14-72), 
orthorhombic Ag2Se (space group: P212121, lattice constants: ao = 4.333 Å, bo = 7.062 Å 
and co = 7.764 Å;  JCPDS card no. 24-1041), orthorhombic AgInS2 (space group: Pna21, 
lattice constants: ao = 7.001 Å, bo = 8.278 Å and co = 6.698 Å; JCPDS card no. 25-1328), 
orthorhombic AgInSe2 respectively (space group: Pna21, lattice constants: ao = 7.223 Å, 
bo = 8.489 Å and co = 6.920 Å;
40
) and tetragonal AgInSe2 (space group: I42d, lattice 
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constants: ao = 6.077 Å, co = 11.655 Å; JCPDS card no. 38-952). All of them are single 
crystalline structures with good crystallinity.  
For the case of AgInS2, although both methods lead to the formation of same phase of 
NCs, the relative intensities of the first three peaks are different. As shown in Figure 4.1, 
(002) is the most prominent peak for AgInS2_s, while (121)/(201) is the strongest peak 
for AgInS2_r. This is also the case for peak (123). The (122)/(202)  peak intensity  of  
AgInS2_r is much higher than that of  AgInS2_s. These indicate that the growth 
orientations of the samples are different for the two methods. (Their optical properties are 
also different and will be discussed in section 4.3.5.) 








































































Figure 4.1 Powder X-ray diffraction patterns of the Ag2S, Ag2Se, AgInS2 by reflux 
method, AgInS2 by solvothermal method, orthorhombic AgInSe2 by reflux method and 
tetragonal AgInSe2 NCs by solvothermal method. The respective standard patterns are 













Figure 4.2 TEM images the (a) Ag2S, (b) Ag2Se, (c) AgInS2_s (d) AgInS2_r, (e) 
tetragonal AgInSe2_s and (f) orthorhombic AgInSe2_r NCs. 










Figure 4.3 HRTEM images of (a) Ag2S, (b) Ag2Se, (c) (d) AgInS2, (e) tetragonal 
AgInSe2 and (f) orthorhombic AgInSe2 NCs.  
 
Figure 4.2 shows the TEM images of Ag2S, Ag2Se, AgInS2_s, AgInS2_r, tetragonal 
AgInSe2 and orthorhombic AgInSe2 NCs with confirmed pure phase. They are all at 
nanosize range with good crystallinity. The binary products of both Ag2S and Ag2Se are 
more regularly shaped (semispherical or spherical), while the ternary are more irregular 
with more facets exposed.  Although the XRD peak intensities are different for AgInS2_s 
and AgInS2_r, there is no obvious difference from a general view of the TEM images for 
AgInS2 prepared by solvothermal and reflux methods.   
The sizes of Ag2S, Ag2Se and AgInS2 are relatively smaller while AgInSe2 are much 
larger, which were also reflected in the peak broadening of Ag2S, Ag2Se and AgInS2 
samples in the XRD patterns, whereas the peaks of AgInSe2 are much sharper. The 
orthorhombic AgInSe2 NCs are Tadpole-shaped, which is similar to the AgInSe2 NCs 
that were synthesized by decomposing a complex single molecular precursor.
55
   
Figure 4.3 shows the HRTEM images of the respective NCs. The distances of the lattice 
planes are all match well with the standard d-spacing values of the respective compounds. 
(Please refer to Appendix A2 for lattice space indication.)  
The compositions of the above samples were characterized by EDX. A summary of the 
atomic ratio in percentage listed in Table 4.1. The percentage was taken by average of 
two to three data points. They all match well with the stoichiometric ratio of the 




Table 4.1 Summary of atomic ratio from EDX analysis. (Appendix A4) 
Products Ag:S Ag:Se Ag:In:S Ag:In:Se 
Ag2S 66:34    
Ag2Se  68:32   
AgInS2_r   23:27:50  
AgInS2_s   26:25:49  
AgInSe2_r    25:25:50 
AgInSe2_s    25:26:49 
 
 
To further verify the chemical states of the elements presented in the products, XPS 
investigation was carried out. Figure 4.4 shows the XPS of all the confirmed products 
presented in Figure 4.14.3. All the Ag 3d peaks in Figure 4.4a are located at 
367.2~367.6 and 373.2~373.6 eV and they are separated with a spin orbital splitting of 6 
eV.  All these chemical states could be assigned to the binding energies of Ag 3d5/2 and 




  All the S 2p3/2 and S 2p1/2 peaks shown in Figure 
4.4b could be assigned to the sulfur anions.
33
   As shown in Figure 4.4c, the locations and 
spin orbital splittings (~7.5 eV)  of the indium 3d peaks for all the ternary samples 
indicate In (III).
11
  The two Se 3d peaks with higher intensity at lower binding energy 




 The two peaks with lower intensity at higher binding 































































































































Figure 4.4 XPS core level spectra for the Ag 3d, Se 3d, In 3d and S 2p from the 
respective NCs.   
 
Table 4.2 Summary of the location of XPS peaks (in eV) show in Figure 4.4.  





In 3d3/2 In 3d5/2 
Ag2S 373.4 367.4 161.7 160.5     
Ag2Se 373.5 367.5   53.9 53.0   
AgInS2_r 373.4 367.4 162.3 161.1   451.9 444.4 
AgInS2_s 373.6 367.6 162.5 161.3   452.1 444.6 
AgInSe2_r 373.2 367.2   54.0 53.1 451.9 444.4 




In summary, the XRD, TEM, EDX and XPS shown above all confirmed the phase purity 
of the products and the existence of the elements.  
 
4.3.2 Guideline of synthetic strategy 
Using the commercially available salts and elements as well as taking advantage of the 
dual functions of OLA,
18a,134
 we could easily achieve both binary and ternary 
semiconductor NCs via simple mixing and heating method. This is done without the need 
to use pre-synthesized precursors nor using other surfactants or introducing reactivity 
controlling ligands. As such, it greatly simplifies the protocol for the fabrication of NCs. 
During our trial and error experiments, we found the following trends: (i) to obtain phase 
pure Ag2S, the input molar ratio of Ag and S is not very strict, and phase pure Ag2S could 
be obtained from the ratios of Ag:S ranging from 2:1 to 1:2, with different morphologies 
(Figures 4.5 and 4.6); (ii) to obtain phase pure Ag2Se, the input ratio of Ag:Se should be 
kept stoichiometrically at 2:1. We could also obtain pure phase Ag2Se from a ratio of 
Ag:Se = 1:1, however, the repeatability is not high; and (iii) the experimental conditions, 
especially the input ratio of two metal salts and Se, should be strictly controlled to obtain 
tetragonal AgInSe2. Otherwise, the final products tend to coexist with orthrombic 
AgInSe2 and Ag2Se (Table 4.3 and Figure 4.7). In fact, there is always a negligible 
amount of Ag2Se existed together with tetragonal AgInSe2 prepared by solvothermal 
method (as indicated by the circle in Figure 4.8). 
Although Ag2S, Ag2Se, AgInS2 and AgInSe2 NCs had been reported separately in the 
literature via various synthetic approaches in the past,
10b,13b,14,35,12,50,40
 we could prepare 
them all with a single approach and especially for the synthesis of Ag2Se and AgInSe2, 
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the experimental procedures and starting chemicals were greatly simplified. To the best 
of our knowledge, till now, phase pure orthorhombic AgInSe2 NCs was synthesized only 
by decomposing complex [(PPh3)2AgIn-(SeC<O>Ph)4] precursor.
40
  Besides these, it is 
worth to note that the high stability of the NCs prepared by this facile strategy. These 
synthesized NCs after washing are highly stable. After they were naturally dried at room 
temperature at atmospheric conditions, no change was observed under XRD and EDX 
within experimental error even after a storing time of 18 months in the normal 
atmospheric conditions at room temperature without any special treatment.  The TEM 
images of the 18 month-aged NCs can be found in Appendix A3.  
 
4.3.3 Shape control of Ag2S nanocrystals  
The sizes and shapes of these semiconductor NCs can also be controlled by varying the 
experimental parameters such as temperature, reaction time and precursor concentration. 
Besides these “external” experimental conditions, the ratio of metal and nonmetal for 
binary system, and the ratio of two metal salts can also be adjusted for the morphological 
control of the final NCs. Here we present an example for the shape and size control of 
Ag2S NCs simply by tuning the ratio of Ag salts and sulfur together with reaction 
temperature and time.  
The phase pure Ag2S NCs could be obtained under solvothermal conditions with 




C for our current investigation and reaction time 





C, with or without the addition of ethanol, the crystallinity and shape of the 
NCs are not mature enough. When the Ag and S ratio was kept at stoichiometric ratio, 
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i.e. the molar ratio of Ag: S = 2:1, the crystallinity is quite low (Figure 4.6(a) and 4.6(c)). 
There are two ways to increase the crystallinity, adding ethanol into the system or 
increasing the ratio of input sulfur (Figure 4.6(b) and Figure 4.6(d)).  Compared with 
control conditions, the adding of ethanol into the reaction system improved the 
crystallinity of Ag2S, which may be due to the low boiling point of ethanol compared 
with OLA, resulting higher pressure in the autoclave than that of control experiment 
without the addition of ethanol. Without adding ethanol, to obtain good crystallinity for 
Ag2S, reaction temperature must be higher and reaction time must be relatively longer. 
Ethanol also makes the growth of Ag2S more isotropic, and lead to the formation of 
spherical NCs.  This indicates that without being diluted by ethanol, OLA specifically 
bonds more tightly to specific surfaces, and results in the formation of more cubic like 
products. The NCs shown in Figure 4.6(e) and 4.6(f) were obtained under similar 
conditions except that the reaction times were different. It was found that the size 
distribution of longer reaction time (4 h) is much better than that of shorte rreaction time 
(2 h).  The NCs shown in Figure 4.6(g) and 4.6(h) were obtained under similar conditions 
except that the concentrations of the precursors were different. The size uniformity was 
increased at higher concentrations.  
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Figure 4.6 TEM images of Ag2S nanocrystals at different experimental conditions. (a) 
120
o
C, 2 h, input ratio of Ag:S = 2:1, OLA; (b) 120
o
C, 2 h, input ratio of Ag:S = 2:1, 
mixed solvent of OLA and ethanol; (c) 180
o
C, 2 h, input ratio of Ag:S = 2:1, OLA;  (d) 
180
o
C, 2 h, input ratio of Ag:S = 1:1, OLA; (e) 200
o
C, 2 h, input ratio of Ag:S = 1:1, 
OLA; (f) 200
o
C, 4 h, input ratio of Ag:S = 1:1, OLA; (g) 200
o
C, input ratio of Ag:S = 
1:2, 4 h, OLA; (h) 200
o
C, input ratio of Ag:S = 1:2, 4 h, OLA, double concentration of 
both Ag and S of (g).   
 
4.3.4 Composition and phase control of AgInSe2 nanocrystals 
Besides acting as a solvent and surface ligand, OLA is also well-known for its reducing 
properties.
18a,134
 For the syntheses of binary Ag2S and Ag2Se, both are direct chemical 
reactions of Ag salts with elemental sulfur or Se in the reducing environment of OLA.  
However, formation of ternary AgInS2 and AgInSe2 is more intriguing. The mechanism 
for the formation of ternary I-III-VI NCs is not well understood due to the complex 
synthetic conditions.  Because of the simplicity and straightforwardness of our synthetic 
strategies, it is more convenient to study the formation process of the ternary 
nanomaterials. Compared with AgInS2, AgInSe2 has been much less studied. Therefore, 
we used solvothermal synthesis of AgInSe2 as a model system to study the formation 
mechanics of ternary NCs. As shown in Table 4.2, we found that Ag2Se coexisted with 
AgInSe2 after a shorter reaction time (sample A1 and A2, 100 min in our present study) 
even from a stoichiometric input ratio of silver and indium salts. With increasing reaction 
time (4 h), no matter Se is deficient (B1) or excessive (B2, B3, B4), and for all kinds of 
Ag:In ratios (equal to 1 for B1 and B2, smaller than 1 for B3, larger than 1 for B4) only 
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AgInSe2 phase existed in the final products and Ag2Se phase was not found. This 
indicates that Ag2Se is an intermediate during the formation of AgInSe2. Initially Ag2Se 
nuclei formed in the solution and coexisted with nuclei of AgInSe2, and both types of 
nuclei grew with increasing reaction time. When the reaction time is relatively short, 
Ag2Se coexist with AgInSe2. Given enough reaction time, Ag2Se transformed to AgInSe2 
under indium rich environment, because AgInSe2 (Δ
f
G° = 188 kJ/mol) is 
thermodynamically more stable than that of Ag2Se (Δ
f
G° = 44.4 kJ/mol).135   Based on 
above discussions, we propose the following mechanism for the formation of AgInSe2.   
    2Ag
+
 + Se + OLA + 2e

 = Ag2Se + OLA      (1) 
    Ag2Se + 2In
3+
 + 3Se + 6e

 = 2AgInSe2         (2) 
It should be highlighted that the phase and composition of the AgInSe2 products could be 
easily controlled by this method.  Both orthorhombic and tetragonal phase could be 
synthesized from this OLA method simply by tuning the “external” experimental 
conditions.  As mentioned in Section 4.3.1, phase pure orthorhombic AgInSe2 could be 
obtained by reflux method, while phase pure tetragonal AgInSe2 could be obtained by 
solvothermal method.  Furthermore, the ratio of Ag and In elements in the final products 
could be also tuned by the input ratio of precursor chemicals.  Usually for the synthesis of 
ternary semiconductor NCs, the major challenge is the compositional control between 
Group IB and Group IIIA elements. This could be realized by introducing reactivity 
controlling ligands, usually thiols. For example, dodecylthiol was used to balance the 
reactivities of the two cationic precursors in the synthesis of CuInS2 NCs.
64
 Another thiol, 





  In our work, on the other hand, the reactivities of silver and indium salts could 
be balanced by adjusting the input ratio of the two metal salts and the quantity of Se, 
without involvement of any reactivity controlling ligand. To obtain a stoichiometric ratio 
of Ag:In = 1:1, the input molar ratio of silver salts should be slightly higher than that of 
indium salts.  This implies that the reactivity of indium salts is higher than that of silver 
salts in OLA.   The samples of B1, B3, B2 and B4 shown in Table 4.3 illustrate the phase 
and compositional controls of AgInSe2 by adjusting the “external” experimental 
conditions.  It was found that with the same temperature and reaction time (200
o
C, 4 h), 
we could obtain products with different ratios of Ag:In:Se, simply by tuning the input 
ratio of Ag:In:Se.  XRD patterns of all the samples shown in Table 4.3 can be found in 
Figure 4.7a.   
 
Table 4.3 Phase and composition control of AgInSe2 by adjusting input ratio and reaction 




Condition Phase Composition 
Ag:In:Se 
A1  1.0:1.0:2.0 
200
o
C, 100 min Mixture of Ag2Se,  Se,  
tetragonal and 
orthorhombic AgInSe2 
A2  1.0:1.0:3.0 
200
o
C, 100 min Mixture of Ag2Se,  Se,  
and tetragonal AgInSe2 
B1  1.0:1.0:1.5 200
o
C, 4 h tetragonal 27:31:42 
B2  1.0:0.9:2.9 
200
o
C, 4 h tetragonal and 
orthorhombic  
B3  1.0:1.2:3.2 200
o
C, 4 h tetragonal 23:27:49 
B4  1.0:0.8:3.2 200
o





















































Figure 4.7 (a) XRD patterns of samples shown in Table 4.2. The circle indicate Ag2Se 




As shown in Figure 4.7a, although samples B1, B2, B3 and B4 are very close to pure 
phase, the two peaks (2θ = 33.5 and 34.7o) of Ag2Se residue still exist. In order to remove 
the Ag2Se residue, we further increased the solvothermal time from 4 h to 8 h, and the 
XRD patterns for samples with longer reaction time are shown in Figure 4.7b.  The two 
Ag2Se residue peaks disappeared with increasing reaction time. The input ratios of 
samples C1, C2 and C3 are the same as those of samples of B2, B4 and B3.  
 
4.3.5 Optical properties of the nanocrystals 
Optical properties of colloidal NCs are of great importance for their potential applications 
as optoelectronic and photovoltaic materials. The size- and shape-dependent optical 
properties of binary silver chalcogenides have been reported recently,
10b,14,136
 while there 
are fewer and inconsistent works reported about the optical properties of ternary AgInS2 
NCs, properly due to the complex surface states of the NCs synthesized from different 
methods.  For ternary semiconductor NCs, the optical properties can be influenced by 
size, shape, surface states, and composition, etc. To further investigate the properties of 
our ternary NCs, UV−visible absorbance and PL spectra were collected for the above-
prepared AgInS2 and AgInSe2 NCs. Figure 4.8(a) shows the absorption and PL spectra of 
the AgInS2 NCs prepared by two different methods. The absorption spectra of AgInS2 
nanoparticles prepared by the two methods are quite similar. They both show a broad 
shoulder with a tail in the long-wavelength direction, covering the whole visible region.
37
 
An absorption feature is observed around 600 nm. From the extrapolation of the curves of 
(αE)2 versus E,137 we estimated that the band gap energies presented in this work are 1.97 
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eV for AgInS2_r and 1.96 eV for AgInS2_s respectively (Appendix A5). They are both 
very close to their bulk band gap energies (1.98 and 1.87 eV).
43,80
  It was reported that the 
Bhor exciton radius of AgInS2 is 5.5 nm.
38
 Obviously, the AgInS2 NCs reported in this 
work (Figure 4.2) are much larger than 5.5 nm and exceed the quantum confinement 
range. Therefore, the band gap determined from absorption spectra is close to that of the 
bulk. Nevertheless, the PL spectra of AgInS2_r and AgInS2_s are different. The PL 
spectra of AgInS2_r show an emission band with the peak position centred at 820 nm and 
a smaller shoulder at around 640 nm. The peak at 640 nm (1.9 eV) is the band edge 
emission, while the peak at 820 nm (1.5 eV) was assigned to relaxation pathways 
between intrinsic dopant-acceptor levels, as this type of transitions do not change with 
excitation wavelengths.
138
 (Figure 4.8b)  The intensity of the band gap emission located 
at 640 nm is much weaker than that of trap emission. This is similar to the emission of 




The PL spectra of AgInS2_s are more complex but they also show two peaks located at 
similar wavelengths to that of AgInS2_r. However, the relative intensities of these two 
peaks are different.
27
 This implies that the NCs obtained by reflux and solvothermal 
methods are intrinsically different. AgInS2_r is more defective than AgInS2_s. The 
optical properties of the NCs is intricate, and it is sensitive to surface structure, crystal 
sizes and shapes, chemical environment, and a number of interactions, such as ligand to 
metal charge transfer,
140
 interactions between NCs and the  adsorbed molecules.
30c,141
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Figure 4.8 (a) Absorption and PL spectra of AgInS2_r (thick line) and AgInS2_s (thin 
line) NCs, λex = 500 nm. (b) PL spectra of AgInS2_r at different excitation wavelength,  
λex = 450 nm (thick line), λex = 500 nm (thin line). Note: we used 500 nm instead of 350 
nm as excitation wavelength to avoid the effect of frequency multiplication at ~700 nm. 
Otherwise, the emission at 640 nm will be overwhelmed by the frequency doubling effect 
of the excitation wavelength. (c) NIR emission of AgInSe2_r (thick line) and AgInSe2_s 
(thin line) NCs at λex = 350 nm and their absorption spectra (inset).  
 
Figure 4.8 (c) displays the absorption and NIR PL spectra of the AgInSe2 NCs prepared 
by two different methods. The absorption spectra covered from visible to NIR range. The 
calculated band gap energies are 1.28 eV for AgInSe2_r and 1.23 eV for AgInSe2_s 
respectively (Appendix A5).  Both are close to the reported band gap value of bulk 
AgInSe2 (1.20 eV).
39 The PL of both AgInSe2_r and AgInSe2_s NCs show two emission 
peaks under 350 nm wavelength excitation: one is at ~1175 nm (1.1 eV) with relative 
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higher intensity and another is at ~ 1265 nm (1.0 eV).  To the best of our knowledge, this 
is the first report of PL emission for AgInSe2. 
To give a direct view of the PL of the samples, Figure 4.9 shows the digital photographs 
of the nanocrystals dispersed in toluene. It can be observed that all these nanocrystals are 
well dispersed and form a transparent solution in toluene. Except AgInS2 NCs, most of 
them are colourless or nearly colourless under normal light.  As shown in  Figure 4.9b, 
under UV light, Ag2Se solution gives stronger emission than the other samples. The PL 
spectra of Ag2Se solution under 350 nm excitation is shown in Figure 4.9c. It shows a 
broad band which covers from 380 nm to 550 nm. As mentioned earlier (Table 2.1), the 
band gap of bulk Ag2Se has been reported to be 0.15 eV.
35,36 The emission is bot a band 
gap emission and the mechanism behind it is still under investigation.  
 
              





     

















Figure 4.9 Photographs of the nanocrystals in toluene (from left to right) Ag2S, Ag2Se, 
AgInS2_s, AgInS2_r_1h, AgInS2_r_3h, AgInSe2_s, AgInSe2_r_1h, AgInSe2_r_3h and 
CuInS2 (a) under normal light; (b) under UV light (365 nm). (c) PL emission of Ag2Se at 
350 nm excitation.  
 
Time-dependent UV-vis absorption spectra can be used as a probe to monitor the growth 
processes for the formation of Au nanostructures.
142
 Based on this, we carried out a time-
dependent measurement of UV-vis spectra for the formation of AgInS2 NCs.  
Figure 4.10 shows temporal evolution of UV−vis absorption spectra of AgInS2 NCs 
obtained after various reaction times ranging from 1 min to 2 h after the sulfur was added 
into the Ag/In mixture. There is no obvious change on the absorption as reaction time 




images (Appendix A3.7), the irregular shapes of AgInS2 can be observed at 5 min. shows 
a shape evolution of the AgInS2 NCs with increasing refluxing time. It was observed that 
AgInS2 NCs with good facets could be formed within 10 min at 200
o
C after all the 
chemical agents were added in the system.  With reaction time increased to 1 h, the size 
distribution is more polydisperse and the shapes are very irregular, while when the 
reaction time was kept increasing to 3h, the morphologies of the NCs are improved.  





















Figure 4.10 UV−vis absorption spectra of AgInS2 NCs at different reaction time.  
 
4.3.6 Further extensions of this approach to the synthesis of copper 
chalcogenides nanocrystals  
Besides the synthesis of silver chalcogenides NCs, here we show our preliminary results 
for the synthesis of copper chalcogenide NCs by replacing the silver salt with a copper 
salt. We could readily obtain phase pure NCs CuInS2 NCs. As shown in Figure 4.11, the 
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diffraction peaks can be indexed to tetragonal CuInS2 (space group: I42d, lattice 
constants: ao = 5.520 Å, and co = 11.122 Å; JCPDS card no. 47-1372).  However, we did 
not obtain phase pure CuInSe2 from our present stage of study. The products are a 
mixture of CuInSe2 and CuSe (space group: P63mc, lattice constants: ao = 3.94 Å, and co 
= 17.23 Å; JCPDS card no. 20-1020). The phase of CuInSe2 in the product is tetragonal 
(space group: I42d, lattice constants: ao = 5.782 Å, and co = 11.619 Å; JCPDS card no. 
40-1487). 































Figure 4.11 XRD patterns of copper chalcogenide nanocrystals and the respective 
standard patterns.  
 
Typical examples of TEM and HRTEM images of CuInS2 NCs are shown in Figure 
4.12a,b. The single-crystalline nature of the resulting NCs was revealed by HRTEM, and 
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the distances between marked planes is 0.20 nm, corresponding to d-spacings of (224) 
planes of tetragonal CuInS2 (space group: I42d, lattice constants: ao = 5.520 Å, and co = 
11.122 Å; JCPDS card no. 47-1372).   The absorption spectrum of CuInS2 NCs is shown 
in Figure 4.12a and exhibits typical long tail for ternary semiconductor NCs. To check 
the phase purity and oxidation states of CuInS2 NCs, XRD and XPS measurements were 





   
 





Figure 4.12 (a) TEM image (b) HRTEM image of CuInS2 nanocrystals.  
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Figure 4.13 (a) absorption spectra of CuInS2 NCs; XPS core level spectra for the (b) Cu 
2p, (c) In 3d and (d) S 2p of CuInS2 NCs. 
 
From the EDX analysis of CuInS2 NCs (Appendix A4), it was found that the atomic 
ratios of Cu:In:S = 32:24:44.  The atomic ratios of Cu, In and S are not the stoichiometric 






2 phase with wurtzite structure, the A 
and B cations are disordered in the cation sites and they are not necessarily to be 
stoichiometric. Similar results have been reported for CuInS2 with the Cu:In atomic ratio 
not equal to 1:1,
143
 and AgInSe2 nanocrystals with elemental composition of Ag:In:Se = 
1:1.33:2.57.
144





copper salts in OLA is higher than that of silver salts and the content of Cu should be 
higher in the product using the same synthetic strategy that can balance the ratio of Ag 
and In.  
 
4.4 Conclusion 
In summary, the present work has explored the synthesis of a series of binary and ternary 
semiconductor nanocrystals with only the necessary elements-providing chemicals and 
OLA as the reaction medium.   
XRD, TEM, XPS and EDX study all confirm the formation of the phase pure and high 
quality of these nanocrystals. Especially for the synthesis of ternary I-III-VI nanocrystals, 
in contrast to previously described systems, where the reactivities of the chemicals need 
to be controlled by reactivity-controlling ligands, here the phase and composition of the 
ternary products can be tuned by adjusting the input ratio of chemicals and reaction 
conditions. Such a synthetic strategy offers a unique opportunity to study the formation 
progress of ternary nanocrystals. It was found that Ag2Se is an intermediate during the 
formation of AgInSe2 nanocrystals. The synthesized nanocrystals are highly stable and 
can retain their properties for at least 18 months at normal atmospheric conditions. The 
ternary chalcogenides NCs demonstrate absorption from visible to near-infrared range 
and photoluminescence at near-infrared range.  The facile and user-friendly synthetic 
strategy opens up new opportunities for understanding the kinetics of nanocrystals 
formation and facilitating the development of future generation optoelectronic devices.  
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CHAPTER 5 HETEROSTRUCTURED NANOCRYSTALS 
COMPOSED OF GOLD AND SILVER CHALCOGENIDES 
ORIGINATED FROM DYNAMIC SEED PRECURSORS 
5.1 Introduction 
Heterostructured nanocrystals (HNCs) composed of at least two different inorganic 
materials in the same particle have become a research focus in recent years due to not 
only their multi-functionalities from individual components, but also their synergetic 
effects arising from effective coupling of the separate phases.
20,100a,101,106-107,145
  Colloidal 
hybrid nanoparticles with multifunctional properties have found wide applications in 
biological imaging, cancer therapy, solar energy conversion, fuel-cell catalysis, 
electronics and magnetism.
20,100a,101,106-107,145
 Among the various types of HNCs, those 
composed of semiconductors and noble-metals are of special interest for nanotechnology. 
For example, the noble-metals can provide an anchor point for electrical and chemical 
connections to the semiconductors.
146,108
 The rationale of this type of material 
combination lies on their complementary optical properties such as long-lived excitations 
in semiconductors and localized electromagnetic modes in metal counterparts.
147
 The 
resultant heterostructures may acquire enhanced and/or new physicochemical behaviors 
owing to the overlapping of the electronic bands, which is impossible for any of their 
components alone or for their macroscopic physical mixtures.
104,148
 In making such 
HNCs, metal chalcogenides are an important class of semiconducting materials 
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undergone extensive investigation. For example, it has been reported that in Au-CdSe 
heterodimers the photoluminescence of CdSe nanorods was quenched due to charge 
transfer from CdSe nanorods to the Au tips.
104
 The gold surface plasmon resonance 
(SPR) and the CdSe exciton peaks were suppressed because of plasmon–exciton 
coupling.
149
 The reduction of second harmonic generation (SHG) signal can be observed 
when the interfacial region of Au-CdSe is dominant over the whole hybrid 
nanoparticle.
105,106
 The construction of HNCs requires the combination of two or more 
different materials into one system, and more commonly one particle to nucleate directly 
on the surface of another. The phase junction between the two different material phases 
can be attained through epitaxial or nonepitaxial growths. In the construction of such 
artificial crystals, a pre-synthesized seed (which also acts as the first material phase in the 
final HNCs) is normally used as a substrate while the other phase is chemically deposited 
onto the substrate which remains unchanged during the entire process. In this connection, 
two typical structures result from such seeded growth processes: (i) centrosymmetric 
core/shell structures via the formation of a conformal, complete shell of the second 
material on the surface of the seed when the lattice mismatch of the two materials is 
small (e.g., within 5%);
6e,6g,150
 and (ii) heterodimer structures formed by deposition of the 
second material on specific site(s) of the seed when larger lattice mismatches incur.
110
 
This step-by-step addition in solution phase is an extension of wet-chemical growth with 
traditional molecular beam epitaxy (MBE) or chemical vapor deposition (CVD) 
techniques, and has been commonly adopted as a main strategy for preparation of 





Representative examples include heterostructures made of site-selectively decorated rod-
like sections, such as of CdS (or Se)-Au,
153




 and striped 
CdS-Ag2S nanorods;
156







 Au-InAs, Au-PbS (or Te), Au-Fe3O4,
160
 PbS (or Se) -Au-Fe3O4,
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FePt-CdS (or Se), and PdSx-CdS in either core@shell, or dumbbell-like configurations, 
linear and/or branched architectures based on CdX materials (X = S, Se, Te).
161
   
Although various methods for the fabrication of metal-semiconductor HNCs have been 
reported in recent years, the products are usually limited to only few (one or two) types of 
HNCs due to the limitation of specific step-by-step addition techniques in each 
synthesis.
33,110,157,162
 There is a lack of a general scheme for the construction of a series of 
HNCs from a single approach.
163
 To overcome this limitation, multi-steps and fine-tuning 
experimental parameters, together with different surfactants and solvents, to nucleate 
different materials onto seeds are usually required in the fabrication processes.
17,164
 
Among such efforts, for example, a more sophisticated strategy was developed to expand 
the family of HNCs containing both Ag and Au.
17
 Briefly, an amorphous Ag shell was 
deposited onto a pre-synthesized Au core that was transformed to Ag2S phase, and later 
was further converted to desired material phases by exposing Ag2S shell to different 
anionic precursors.
17
 Throughout this transformation process, the pristine Au core 
remained intact, simply acting as a seed template. However, if it is not inert, a templating 
seed, i.e. a metal, alloy or solid-compound particle, may also serve as starting reactant for 
the formation of final products. In such cases, chemically more reactive elements (or 
phases) would be more diffusive than others when they are involved in surface reactions. 
As a result, the original seed is no longer intact. Instead, it can be thought as a "dynamic 
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seed" in view of its chemical reactivity and structural changes. From a wider point of 
view, nevertheless, the concept in this dynamic seeding strategy may not be entirely new, 
since the well-known cation-exchange also makes use of the diffusion of reactant atoms 
and ions to create novel structures and materials, and partial cation-exchange is also an 
important way to achieve HNCs.
17,120,124,125,126
 However, the latter approach could be 
quite challenging in practical synthesis, because it requires careful calculation of reactant 
stoichiometry and fine adjustment of experimental parameters in order to control extent 
of reaction and to prevent total conversion of primary nanocrystals.
124
 




-dodecanethiolates and achieved large-scale synthesis of 
pure Ag nanoparticles and AuAg alloy nanoparticles with composition and size 
control.
165
 In this Chapter, we used these nanomaterials as a starting platform to exploit 
the processes of such "dynamic seeds" in the general synthesis of metal-chalcogenides 
and their related HNCs. The synthetic chemistry can be depicted in Scheme 1. When a 
metal-containing solid precursor (e.g., metal-dodecanethiolate, or alloy, or metal) is 
exposed to an elemental species (e.g., group VI) with a high electronegativity, more 
active atoms will segregate out to react with this element. Three possible heterostructures 
might be formed as illustrated in Figure 5.1: hollow core/shell, solid core/shell and 



















Figure 5.1 Proposed synthetic strategy of for the formation of Au-Ag2X (X=S or Se) 
heterodimers. 
 
As discussed in Chapter 4, we have developed a facile OLA method for the fabrication of 
various types of silver chalcogenides nanocrystals. Here we confine our study on 
heterostructures that composed of gold and silver chalcogenides semiconductor 
nanocrystals. The main reasons are (i) HNCs composed of gold and semiconductor are of 
special interest for future nanotechnology; (2) only Au-Ag2S heterostructures were 
reported, and no precedent work was done for heterostructures composed of gold and 
other silver chalcogenides.   
 
5.2 Experimental Section 
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5.2.1 Chemicals  
Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9+%, Aldrich), 1-dodecanethiol 
(C12H25SH, DDT, 98+%, Aldrich), silver nitrate (AgNO3, for analysis, Mallinckrodt 
Chemical), indium chloride (InCl3, anhydrated, Strem Chemicals), oleylamine 
[CH3(CH2)7CHCH(CH2)7CH2NH2, OLA, Acros Organics, 80-90%], sulfur flakes (S, Aik 
Moh Paints & Chemicals), selenium powder (Se, Acros Organics, 99.5+%), cadmium 
nitrate tetrahydrate [Cd(NO3)2·4H2O, Merck], tri-t-butylphosphine (TBP, 99%, 10 wt% 
in hexane, Strem Chemicals), toluene (C7H8, J.T. Baker), methanol (MeOH, Merck) and 
ethanol (C2H5OH, Merck) were used in the synthesis without further purification except 
that the sulfur flakes was gound into powder before use. 
 
5.2.2 Preparation of AuAg seed precursors  
The AuAg seed precursors used in this work were synthesized at room temperature based 
on our reported work using supramolecular M(I)-alkanethiolates (M = Au or Ag, named 
as Au-DDT and Ag-DDT respectively) with slight modification for scaling up.
165
 For the 
synthesis of Au-DDT, 2.0 mL of DDT in ethanol (0.010 M) was added to 1.0 mL of 
ethanol, followed by addition of 0.5 mL of HAuCl4·3H2O in ethanol (0.100 M) and the 
mixture was stirred for 5 min. The resultant yellow brown precipitate was washed twice 
with ethanol and then redispersed into ~0.5 mL of ethanol. For the synthesis of Ag-DDT, 
4.0 mL of DDT in ethanol (0.100 M) was added to 8.0 mL of AgNO3 solution (dissolved 
in ethanol; 0.010 M) and the solution mixture was stirred for 5 min. The resultant white 
precipitate was washed twice with ethanol and then re-dispersed into 1.52.0 mL of 
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ethanol (Ag amount: 0.080 mmol). The Ag-DDT suspension could be divided into two or 
four portions (Ag amount: 0.040 mmol or 0.020 mmol) for future use. Similarly, the 
above Au-DDT in ethanol suspension (Au amount: 0.050 mmol) was divided into two or 
four portions; one portion (Au amount: 0.0125 mmol or 0.025 mmol) was then added into 
5.06.0 mL of OLA and the resultant Au-DDT suspension was heated to 200°C in a 
silicon oil bath. Immediately upon detecting a slight color change, usually about 35 min 
after heating, the Ag-DDT suspension (0.02 mmol, 0.040 mmol or 0.080 mmol) was 
added into the heated Au-DDT and the resultant system was further refluxed for a desired 
period of time (ranging from 4 min to 1 h) under constant stirring. The final reaction 
products (which served as seed precursors) are named as AuAg-4, AuAg-30, AuAg-40, 
and AuAg-60 (where the number represents the refluxing time in min) respectively. 
Please take note that the chemical conversion of Au-DDT and Ag-DDT to AuAg alloy 
nanoparticles depended strongly on the reaction (refluxing) time. The AuAg seed 
precursors were then used for the targeted final product. In a general synthesis, the molar 
ratio of input Au-DDT and Ag-DDT was set at 1:3.2 (i.e., Au 0.0125 mmol and Ag 0.040 
mmol) and 1:6.4 (i.e., Au 0.0125 mmol and Ag 0.080 mmol) in the prepared seed 
precursors, unless otherwise specified.  
 
5.2.3 Preparation of stock solutions/suspensions  
The stock solutions of S/OLA, Se/OLA and In/OLA were prepared by dissolving 
weighed amounts of sulfur, selenium and InCl3 in an appropriate volume of OLA solvent 
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to form a solution/suspension with a resultant concentration of 0.20 mol/L, 0.10 mol/L 
and 0.10 mol/L respectively. 
 
To demonstrate the generality of this strategy and optimize experimental conditions, 
heterostructures of all six types of Au-Ag chalcogenides were prepared through both 
reflux and solvothermal methods with different seed precursors (the AuAg-4, AuAg-30, 
AuAg-40, and AuAg-60 described above). The as-prepared AuAg seed precursors were 
still kept in the reaction system for further transformation without separation or 
purification. For the reflux method, a proper amount of sulfur or selenium and/or indium 
precursors were directly injected to the hot solution and kept refluxing for a defined 
period of time. For the solvothermal method, the above AuAg seed precursor was first 
transferred to a Teflon beaker and cooled down to room temperature. An appropriate 
amount of sulfur or selenium and /or indium stock solution was then added into the seed 
precursor solution in the Teflon beaker and kept stirring at room temperature for a 
desired period of time prior to the solvothermal reaction.   
 
5.2.4 Synthesis of heterostructures 
5.2.4.1 Synthesis of Au-Ag2S nanostructures  
(i) By reflux from AuAg-4 (one-step method). For a typical synthesis, 0.05 mL of S/OLA 
solution (0.010 mmol of S, i.e., half amount of the sulfur required to completely convert 
Ag atoms in the system to Ag2S; otherwise Au-Ag3AuS2 would also be formed if a 
stoichiometric amount of sulfur (i.e. 0.02 mmol) was added at once into an AuAg-4 
 89 
 
solution (Ag amount: 0.040 mmol). This mixed solution was kept refluxing at 200°C for 
30 min. In this case, only half of the Ag atoms in the solution were converted to Ag2S, 
i.e., the final products coexisted with un-reacted AuAg alloy nanoparticles. 
(ii) By reflux from AuAg-4 (two-step method). In order to transform the Ag atoms in the 
seeds completely to Ag2S and avoid the formation of Au-Ag3AuS2 at the same time, the 
amount of sulfur that was required to fully transform Ag atoms was added in two steps: 
(1) 0.05 mL of S/OLA solution was added to an AuAg-4 solution (Ag amount: 0.040 
mmol). This mixed solution was kept refluxing at 200°C for 30 min. (2) After that, 
another batch of 0.05 mL of S/OLA solution was added and the solution was kept 
refluxing at 200°C for another 30 min. In this case all Ag atoms in the system were 
converted to Ag2S.  
(iii) By solvothermal method. Only the AuAg seed precursors with a longer aging time 
(i.e., AuAg-30, 40, or 60) can be used to obtain Au-Ag2S by the solvothermal method. 
Taking the AuAg-30 as an example, for a typical synthesis, after the above prepared 
AuAg-30 precursor (Ag amount: 0.080 mmol) was transferred to a Teflon beaker and 
cooled down to room temperature, 0.2 mL of S/OLA solution (S amount: 0.040 mmol) 
was added and the mixture was kept stirring for another 30 min at room temperature. The 
mixture was sealed in an autoclave and put into an electric oven at 200
o
C for 0.5 h.  
 
5.2.4.2 Synthesis of Au-Ag2Se nanostructures  
Phase pure of Au-Ag2Se could only be obtained by the reflux method in the present stage 
of our study. For a typical synthesis, 0.4 mL of Se/OLA solution (Se amount: 0.040 
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mmol) was added into the above heated AuAg-30 seed solution (Ag amount: 0.080 
mmol), and the mixed solution was kept refluxing at 200
o
C for 30 min.  
 
5.2.4.3 Synthesis of Au-Ag3AuS2 nanostructures  
(i) By reflux method. Please take note that the amount of sulfur should be strictly 
controlled for reflux method; otherwise Au-Ag2S could be formed. In this case, not all 
Ag atoms were transformed. For a typical synthesis, 0.075 mL of S/OLA solution (S 
amount: 0.015 mmol) was added into the AuAg-4 seed solution (Ag amount: 0.040 
mmol). The mixed solution was kept refluxing at 200
o
C for 30 min. 
(ii) By solvothermal method. For a typical synthesis, the AuAg-4 seed precursor solution 
(Au amount: 0.025 mmol, and Ag amount: 0.020 mmol)) was transferred to a Teflon 
beaker and cooled to room temperature, and 0.2 mL of S/OLA solution (S amount: 0.040 
mmol) was added. The mixed solution was kept stirring for another 30 min at room 
temperature. Finally, the mixture in the Teflon beaker was sealed in an autoclave and put 




C for 0.5 h. 
 
5.2.4.4 Synthesis of Au-Ag3AuSe2 nanostructures 
(i) By reflux method. Please take note that the amount of selenium should be strictly 
controlled for reflux method; otherwise, the Au-Ag2Se could be formed. For a typical 
synthesis, 0.1 mL of Se/OLA solution (Se amount: 0.010 mmol) was added into the 
heated AuAg-4 seed precursor (Au amount: 0.025 mol, and Ag mount: 0.020 mmol). The 
mixed solution was kept refluxing at 200
o
C for 30 min. 
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(ii) By solvothermal method. For a typical synthesis, after the AuAg-4 seed precursor 
solution (Au amount: 0.025 mmol, and Ag amount: 0.02 mmol) was transferred to a 
Teflon beaker and cooled to room temperature, 0.25 mL of Se/OLA solution (Se amount: 
0.025 mmol) was added and the mixture was kept refluxing for 60 min at room 
temperature. Finally, the mixture in the Teflon beaker was sealed in an autoclave and put 
into an electric oven set at 140 or 200
o
C for 30 min to 1 h. 
 
5.2.4.5 Synthesis of Au-AgInS2 nanostructures 
(i) By reflux method. For a typical synthesis, 0.4 mL of In/OLA solution (InCl3 amount: 
0.040 mmol) and 0.6 mL of S/OLA solution (S amount: 0.12 mmol) were added into the 
above heated AgAu-4 seed solution (Ag amount: 0.040 mmol). The mixed solution was 
kept refluxing at 200
o
C for 30 min.  
(ii) By solvothermal method. For a typical synthesis, after the AuAg-40 precursor 
solution (Ag amount: 0.04 mmol) was transferred to a Teflon beaker and cooled down to 
room temperature, 0.4 mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 0.50 mL 
of S/OLA solution (S amount: 0.10 mmol) were added and the mixture was kept stirring 
for 30 min at room temperature. Finally, the mixture in the Teflon beaker was sealed in 
an autoclave and put into an electric oven at 200
o
C for 1 h.  
 
5.2.4.6 Synthesis of Au-AgInSe2 nanostructures 
(i) By reflux method. For a typical synthesis, 0.4 mL of In/OLA solution (InCl3 amount: 
0.040 mmol) and 1.2 mL of Se/OLA solution (Se amount: 0.12 mmol) were added into 
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the above heated AuAg-30 precursor solution (Ag amount: 0.040 mmol). The mixture 
was kept refluxing at 200
o
C for another 30 min.  
(ii) By solvothermal method. For a typical synthesis, after the AuAg-30 precursor 
solution was transferred to a Teflon beaker and cooled down to room temperature, 0.4 
mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 0.8 mL of Se/OLA solution (Se 
amount: 0.080 mmol ) were added and the mixture was stirred for overnight at room 
temperature. Finally, the mixture in the Teflon beaker was sealed in an autoclave and put 
into an electric oven at 200
o
C for 1 h.  
 
5.2.4.7 Cation exchange of Au-Ag2S with cadmium salts and formation of Au-CdS 
For a typical synthesis, the synthesized Au-Ag2S nanoparticles (can be obtained from any 
of the above methods) were dispersed into 510 mL of toluene and mixed with 2.5 mL of 
0.1 mol/l Cd(NO3)2 in MeOH to form a uniform solution. After the solution was refluxed 
at 75
o
C for 10 min, 0.5 mL of TBP was added. The mixture was kept stirring for another 




5.2.4.8 Cation exchange of Au-Ag2Se with cadmium salts and formation of Au-CdSe 
For a typical synthesis, the synthesized Au-Ag2Se nanoparticles were dispersed into 5 mL 
of toluene, and mixed with 2.5 mL of 0.1 mol/l Cd(NO3)2 in MeOH. After the solution 
was refluxed at 75
o
C for 10 min, 0.8 mL of TBP was added. The mixture was kept 






5.2.4.9 Sample washing and re-dispersion 
For all the experiments described above, after the solvothermal or reflux reaction, the 
autoclave or refluxing flask was removed out of oven or oil bath. After sample was 
cooled to room temperature, the product was precipitated with ethanol (812 mL) 
followed by three to four cycles of centrifugation at 4000 rpm to remove excess OLA. 
The nanocrystals after washing could be well dispersed in organic solvents such as 
cyclohexane and toluene while they could not be well dispersed but form a suspension in 
ethanol. Please take note that the superlattice samples could only be prepared by 
dropping one drop of the above ethanol-washed nanocrystals in ethanol suspension (23 
mL) onto a TEM copper grid, whilst the dispersed samples were obtained by dispersing 
one drop of the ethanol-washed samples dispersed in toluene (0.5 mL) or cyclohexane 
(0.5 mL) onto a TEM copper grid. 
 
Table 5.1 Summary of lattice mismatch and experimental conditions. 
Samples Lattice 
mismatch 




Ag/S = 4:1 for AuAg-4; 
2:1 for AuAg-30 and 
above 
2Ag+S Reflux/solvothermal, 200oC 
Au-Ag2Se 13.6% AuAg-30, Se Ag/Se = 2:1 2Ag+Se Reflux, 200
oC 
Au-Ag3AuS2 11.1% AuAg-4, S 
Ag/S = 2:1 for reflux; 





Au-Ag3AuSe2 13.2% AuAg-4, Se 
Ag/Se = 2:1 for reflux, 









above, S, In3+ 
Ag:In:S = 1:1: ≥ 2 Ag+In+2S Reflux /solvothermal, 200oC 
Au-AgInSe2 
47.2% AuAg-30, Se, 
In3+ 
Ag:In:Se = 1:1: ≥2  




Cd:Ag > 50:1 
Ag2S+Cd




Cd:Ag > 50:1 
Ag2Se+Cd
2+ Reflux, 75oC 
 
The mismatches in the above table were calculated by the conventional definition given 
by difference of lattice parameters between Au and the secondary phase with respect to 
Au lattice parameter.
17 
Majority lattice planes of Au and the secondary component (which 
were determined from XRD patterns) were used in the calculation of the lattice 
mismatches, since Au and the secondary component usually do not follow the same 
lattice symmetry and different crystal planes of the secondary component attach to Au 
surface for different nanostructures and particles.  
 
5.2.5 Characterization techniques 
Four basic characterization techniques were used in this work: TEM, XRD, XPS and 
EDX. Morphologies of samples were characterized by transmission electron microscopy 
(TEM/SAED; JEM-2010, 200 kV), selected area electron diffraction (SAED) and high-
resolution TEM (HRTEM/SAED; JEOL-2100F, 200 kV). The SLs samples were 
prepared by dropping one drop solution of the above ethanol-washed nanocrystals in 
ethanol onto carbon coated copper grid; while the dispersed sample was obtained by 
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dropping one drop solution in toluene or cyclohexane onto carbon coated copper grid. 
The crystallographic phases were analyzed by an X-ray diffraction (XRD) spectrometry 





 (2θ angle) at a scanning speed of 1o min−1. The samples for XRD analysis were 
prepared by dropping a concentrated solution of the HNCs in ethanol on zero background 
silicon holder and then allowing the solvent to evaporate. The element ratio was done by 
energy-dispersive X-ray spectroscopy (EDX, Oxford instruments, Model 7426) attached 
to a scanning electron microscopy (SEM, JEOL, JSM-5600LV) or HRTEM. Chemical 
elements and environment investigation of the samples was carried out with X-ray 
photoelectron spectroscopy (XPS, AXIS-Ultra
DLD
, Kratos Analytical Ltd, monochromatic 
Al Kα with hν = 1486.71 eV, X-ray radiation of 15 kV and 5 mA). The X-ray 
photoelectron spectra of the studied elements were referenced to the C 1s peak arising 
from adventitious carbon (its binding energy was set at 284.6 eV).  
 
5.3 Results and Discussion 
5.3.1 The AuAg seeds  
The quality and size uniformity of the seeds is a prerequisite for the high quality and 
uniform size distribution of the resulting heterostructures. First, HRTEM and XRD were 
used to examine the quality of the seeds. Figure 5.2 shows the two types of seeds used in 
this study: AuAg-4 seed as an example for shorter aging seeds (3-5 min) and AuAg-40 



























Figure 5.2 (a) HRTEM images of AuAg-4 seed sample (with 4 min aging time in OLA at 
200
o
C after adding Ag-DDT to Au-DDT); (b) HRTEM images of AuAg-40 seed sample 
(with 40 min aging time in OLA at 200
o
C after adding Ag-DDT to Au-DDT). (c) XRD 




The observed nanoparticles in Figure 5.2(a) were formed from AuAg-4 layered structures 
under TEM electron beam irradiation.
166
 These nanoparticles are multiply twinned 
crystallites; they were actually decomposed from the AuAg-4 under TEM measurement 
conditions.   Statistically, based on the HRTEM observation, AuAg-40 are largely single-
crystalline AuAg alloy nanoparticles. In either case ((a) or (b)), inter-planar distances are 
0.24 nm, corresponding to the lattice fringe of (111) planes of gold or silver or their 
alloys. The layered structure of AuAg-4 is reflected in the related XRD pattern, which 
confirms that the alloy nanoparticles in HRTEM image of (a) were indeed decomposed 
from layered AuAg-4 compound during TEM measurement.
166 
However, the layered 
XRD pattern no longer exists for the AuAg-40 sample and only metal alloy diffraction 
peaks can be seen, revealing that AuAg alloy nanoparticles had been formed in the 
solution prior to the TEM measurement.  
 
5.3.2 Confirmation of the Au-X products 
Due to the high reaction complexity involved in synthesis (e.g., the competing reactions 
between resultant Au-Ag2S and Au-Ag3AuS2 when adding sulfur; Au-Ag2Se and Au-
Ag3AuSe2 when adding selenium; the competition among Au-Ag2S, Au-Ag3AuS2 and 
Au-AgInS2 when adding both indium and sulfur; and the competition among Au-Ag2Se, 
Au-Ag3AuSe2 and Au-AgInSe2 when adding  both indium and selenium), achieving phase 
purity for the products is the foremost issue. In Figure 5.3, therefore, we first confirm the 
phase purity of our products by XRD technique.  
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Figure 5.3 Powder XRD patterns of the Au-Ag2S, Au-Ag2Se, Au-Ag3AuS2, Au-
Ag3AuSe2, Au-AgInS2, and Au-AgInSe2 nanostructures.  
 
The broadening of diffraction peaks indicates the product particles are indeed in 
nanoscale. The XRD patterns reveal that all the silver chalcogenide phases are phase pure, 
and they are assigned respectively to monoclinic Ag2S (space group: P21/n, lattice 
constants: ao = 4.229 Å, bo = 6.931 Å and co = 7.862 Å; JCPDS card no. 14-72), 
orthorhombic Ag2Se (space group: P212121, lattice constants: ao = 4.333 Å, bo = 7.062 Å 
and co = 7.764 Å;  JCPDS card no. 24-1041), tetragonal Ag3AuS2 (space group: P4122, 
lattice constants: ao = 9.75 Å and co = 9.85 Å; JCPDS card no. 33-587), cubic Ag3AuSe2 
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(space group: I4132, lattice constants: ao = 9.967 Å; JCPDS card no. 72-392), 
orthorhombic AgInS2 (space group: Pna21, lattice constants: ao = 7.001 Å, bo = 8.278 Å 
and co = 6.698 Å; JCPDS card no. 25-1328), orthorhombic AgInSe2 (space group: Pna21, 
lattice constants: ao = 7.223 Å, bo = 8.489 Å and co = 6.920 Å). Although in most cases, 
except for the (220) peak located at 2-theta angle of 64.5
o
, other characteristic peaks of 
Au (space group: Fmm, lattice constants: ao = 4.079 Å; JCPDS card no. 4-784), i.e., the 
(111) and (200) could not be detected or are "shadowed" by the peak broadening of the 
chalcogenides in the XRD patterns. The corresponding TEM images of these biphasic 
heterodimers are shown in Figure 5.4.  
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Figure 5.4 TEM images of (a) Au-Ag2S, (b) Au-Ag2Se, (c) Au-Ag3AuS2, (d) Au-
Ag3AuSe2, (e) Au-AgInS2 and (f) Au-AgInSe2 nanostructures; (a,c,d,e) by solvothermal 
synthesis and (b, f) by reflux reaction.  
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The existence of metallic Au for all these heterostructures can be confirmed 
unambiguously with HRTEM as shown in Figure 5.5.    
 
d-103 = 0.24 nm
d-121 = 0.26 nm
d111(Au) = 0.24 nm
a
  
d122 = 0.22 nm
d111(Au) = 0.24 nm
d032 or 211 = 0.20 nm
b
 
d111(Au) = 0.24 nm
d203 = 0.27 nm
c
  
d422 = 0.20 nm
d420 = 0.22 nm
d222 = 0.29 nm
d
 
d002 = 0.34 nm
d002 = 0.34 nm
d121 = 0.31 nm
e
  





Figure 5.5 HRTEM images of (a) Au-Ag2S, (b) Au-Ag2Se, (c) Au-Ag3AuS2, (d) Au-
Ag2AuSe2, (e) Au-AgInS2, and (f) Au-AgInSe2, corresponding to TEM images shown in 
Figure 5.4.  
 
At higher magnifications, darker gold component (as a small tip at one side of a particle) 
can be more clearly observed HRTEM images of individual particles from the respective 
samples reveal the high crystalline nature for the secondary phase of all the products, 
whilst the remaining Au phase can be either single crystalline or multiply-twined. The 
lattice distances of the darker part match well with the d111 of Au. All the d-spacings 
between the lattice planes of the X-phase (the lighter part) are in good agreement with the 
crystal planes of their respective silver chalcogenide compounds in the heterodimers. 
The common structural feature in these Au-X products is that the chalcogenide phase was 
nonepitaxially grown onto the Au phase. The lattice mismatches of all the heterodimers 
(ranging from 11.1 to 47.2%, Table 5.1) are much larger than the threshold value (<5%) 
for normal epitaxial growth. By taking advantage of the intrinsic high Ag
+
 ion mobility in 
Ag2S nanocrystals, for example, Ag2S based heterostructures have been fabricated by a 
seeded growth method in which Ag2S nanocrystals acted as catalyst or source host.
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However, the largest lattice mismatch of the reported heterostructures is still within 10%. 
As mentioned earlier, core/shell structures with large lattice mismatches can also be 
synthesized with the nonepitaxial growth. The hypothesis was that the monocrystalline 
growth of the semiconductor shell is fully directed by chemical thermodynamic 
properties of reaction within the matrix. Therefore the lattice structure can be 





 However, in our present cases, the nonepitaxial growth of the I-VI or I-III-VI 
phase occurred gradually from a reactive Au-containing seed, and the compound 
inherently attached to the remaining Au phase. Heterogeneous nucleation and the 
subsequent growth were separated. In this sense, our pristine seeds served both as solid 
templates for nucleation and as reactants for the formation of chalcogenide phase through 
solid-state diffusion mechanism. 
The as-prepared Au-Ag2S, Au-Ag3AuS2 and Au-Ag3AuSe2 heterostructures (Figure 
5.4a,c,d) exhibit a perfect spherical morphology and a highly uniform particle size 
distribution. Such particles have a strong tendency to assemble into two-dimensional (2D) 
superlattices or 3D supracrystals. In Figure 5.6, all the three types of heterodimers can be 
assembled into 2D or multilayered superlattices on TEM sample grid in non-polar 
solvents such as cyclohexane and toluene (Figure 5.6a,c,e). They can even organize 
themselves into supracrystals in polar solvents such as ethanol solution with dimensions 
in the order of micrometers (Figure 5.6b,d,f); they are unprecedented supracrystals built 




   








   








   
 
 
Figure 5.6 2D superlattices and 3D supracrystals of (a,b) Au-Ag2S, (c,d) Au-Ag3AuS2, 
and (e,f) Au-Ag3AuSe2 heterodimers.   
 
To further demonstrate the flexibility of this strategy, both solvothermal and reflux 
methods were carried out in our present work. It is thus proved that the both synthetic 
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methods can lead to the formation of the above six types of Au-X heterodimers (except 
that phase pure Au-Ag2Se and Au-AgInSe2 can only be obtained by reflux method in the 
present stage of our study) at specific conditions.  
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Figure 5.7 TEM and HRTEM images of heterostructures synthesized from a different 
method as compared to those in Figure 5.4. (a,b) Au-Ag2S (one-step method, only half of 
Ag atoms were converted to Ag2S), (c,d) Au-Ag2S (two-step method, all the Ag atoms 
were converted to Ag2S), (e,f) Au-Ag3AuS2, (g,h) Au-Ag2AuSe2, (i,j) Au-AgInS2, and 
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(k,l) Au-AgInSe2. Samples shown in (a-j) were synthesized with reflux method, while 
sample of (k,l) was synthesized with solvothermal method.  
 
Figure 5.7 shows TEM and HRTEM images of the heterodimer that were prepared by the 
method. All the d-spacings between the lattice planes of the X-phase (the lighter part) are 
also in good agreement with the crystal planes of their respective silver chalcogenide 
compounds in the heterodimers. Comparing the morphologies of Au-Ag2S, Au-Ag3AuS2, 
Au-Ag3AuSe2 and Au-AgInS2, by two methods as shown in Figure 5.4 and 5.5, generally 
speaking, the size distribution of heterodimers prepared from solvothermal synthesis is 
more uniform than those from reflux reaction.   
Six types of Au-X heterodimers are prepared through phase segregation of silver from the 
AuAg seeds. Two types of the seeds were used in this work (Figure 5.2): (i) short-aged 
seeds (AuAg-t1, t1 = 3 to 5 min), and (ii) long-aged seeds (AuAg-t2, t2 = 30 to 60 min). In 




) while AuAg-t2 is 
essentially an AuAg alloy due to a longer reaction time (XRD/HRTEM results in Figure 
5.3). Different reactivities of these seeds lead to two categories of products. Although 
both types of seeds can produce Au-Ag2S and Au-AgInS2, Au-Ag3AuS2 and Au-
Ag3AuSe2 can only be obtained from the short-aged seeds (e.g., AuAg-t1) whereas the 
phase pure Au-Ag2Se and Au-AgInSe2 can only be achieved with the long-aged ones (30 
min or longer; e.g., AuAg-t2). When started with the AuAg-t1, for example, the synthetic 
conditions in making Au-Ag2S become more stringent due to possible formation of Au-
Ag3AuS2. The short-aged seeds can also lead to the formation of Au-Ag2Se, but co-
existence of Au-Ag3AuSe2 cannot be avoided (Figure 5.8), because of easier formation of 
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Ag3AuSe2 compound (ΔfG°(Ag3AuSe2) = 86450±320 J/mol), compared to Ag2Se 
(ΔfG°(Ag2Se) = 3501841.6×T (405 < T (K) < 457) J/mol).
168
 On the other hand, we 
could obtain phase pure products of Au-Ag2S and Au-Ag3AuS2 respectively from the 
short-aged seeds by controlling experimental conditions, because of a smaller difference 
in the formation free energy of Ag2S (ΔfG°(Ag2S) = 43880+20.8×T J/mol and Ag3AuS2 
(ΔfG°(Ag3AuS2) = 40410+20.8×T  J/mol).
169
    
 






























Figure 5.8 Typical XRD graph of mixture of Au-Ag2Se and Au-Ag3AuSe2 synthesized 
from AuAg-t1 by reflux method. Standard XRD patterns of Au, Ag2Se and Au-Ag3AuSe2 




It has been reported that the formation of bulk Ag3AuS2 and Ag3AuSe2 usually require 
high reaction temperature (1050
o
C) and long reaction time (e.g., 3 days).
170
 In 
comparison, the same ternary chalcogenides could be formed under our low temperature 
conditions (200
o
C and below), because of the readiness of Au
+
 in the short-aged seeds. In 
other words, some of existing Au
+
 ions could be transformed into Au
0
 and some of the 
Au
+
 ions are readily to combine with chalcogenide elements, resulting in Au-Ag3AuS2 
and Au-Ag3AuSe2. However, the same chalcogenides could not be formed with the 
AuAg-t2 seed due to the metallic state of gold in this alloy seed.  
The locations of the Au part in the final structures are not necessarily to be the same. 
Figure 5.9 shows another example of HRTEM images of Au-AgInSe2 heterostructures 
prepared from reflux method. The Au part (the dark centre as shown by the arrow) in 
located in the centre of the heterostructures.   
 
   
Figure 5.9 Another example of HRTEM images of Au-AgInSe2 heterostructures 
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Figure 5.10 XRD patterns of some specific heterostructures shown in Figure 5.3 and 
Figure 5.7, where “_s” stands for the solvothermal method and “_r” stands for the reflux 
method. The standard data (JCPDS data) of Au and the respective Ag chalcogenide are 
also displayed.  
 
The Au-AgInSe2_s sample is assigned to orthorhombic phase because of the separation of 
(040) and (320) peaks.
40
 Regarding to Au-AgInS2_r, Au-AgInS2_s, and Au-AgInSe2_r, 
however, both the orthorhombic and hexagonal phases are in agreement with the 
observed XRD data. Due to the small nanocrystal size (i.e. crystalline coherence lengths 
are too small and lead to peak broadening), it is impossible to resolve the closely spaced 
reflections of the orthorhombic and the hexagonal phases. Furthermore, it is also difficult 





 There are two possibilities for the final products: (1) pure hexagonal 
(wurtzite) phase, and (2) a mixture of these two phases (i.e., orthorhombic and 
hexagonal). Following the major literature reports, 27 nevertheless, we assign them to the 
orthorhombic phase.    
It is worth to note that tetragonal phase of AgInSe2 could be formed by solvothermal 
reaction from metal salts and Se in oleylamine (please refer to chapter 4 for details), 
however, we did not find any tetragonal phase of AgInSe2 for the products obtained from 
AuAg seeds by solvothermal reaction, only orthorhombic phase existed. This implies the 
seeding method greatly lowers the energy barrier for the formation of orthorhombic 
phase AgInSe2 nanocrystals. 
Dumbbell-like nanoparticles (NPs) represent an important type of heterogeneous 
nanostructure, which contain two different particles that are linked and by two different 
surfaces. Such heterostructured NPs are commonly obtained by sequential growth of a 
second NP on the preformed seeding particles, where the nucleation and growth are 
anisotropically centred on one specific crystal plane around the seeding NPs, not 
uniformly distributed as in the case of core/shell structures.
171
 Figure 5.11 shows 
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Figure 5.11 Dumbbell-like heterostructures of (a) Au-Ag2S, (b) Au-Ag3AuS2, and (c) Au-
Ag3AuSe2 by sharing one common Au nanoparticle center.  
 
XPS analysis was further carried out to verify composition and oxidation states of 
elements in the heterostructures. Figure 5.12 shows the XPS spectra of all the samples 
discussed above. The respective elements of Au, Ag, In, S and Se are all present in the 
samples.   
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Figure 5.12 XPS core level spectra for the Au 4f, Ag 3d, S 2p, Se 3d and In 3d from the 
studied heterodimers.  
 
Table 5.2 Summary of elemental ratio from EDX analysis.  
Compounds Au:Ag:In:S Au:Ag:In:Se 
Au-AgInS2_r 7:23:23:47  
Au-AgInS2_s 3:15:36:46  
Au-AgInSe2_r  2:21:28:49 
Au-AgInSe2_s  0:18:31:51 
 
The peaks of Au 4f,
172
 Ag 3d, and S 2p correspond well with reported data.
33
 The indium 
3d peaks located at 444.3 and 451.9 eV show a peak separation of 7.6 eV, confirming the 
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oxidation state of In(III).
11






EDX was carried out to check the atomic ratios of HNCs composed of ternary 
compounds. The percentages shown in Table 5.2 were obtained by taking the average of 
two to three data points. From the EDX summary, we can find that the atomic ratio of Ag 
and In is not 1:1 for Au-AgInS2_s, Au-AgInSe2_r, and Au-AgInSe2_s samples. It has 






2 phase with wurtzite structure, the A and B cations are 
disordered in the cation sites and they are not necessarily to be stoichiometric. Similar 
results have been reported for CuInS2 with the Cu:In atomic ratio not equal to 1:1,
143
 and 
AgInSe2 nanocrystals with elemental composition of Ag:In:Se = 1:1.33:2.57.
144
 However, 
to the best of our knowledge, this is the first report of nonstoichiometric elemental ratio 
for AgInS2. 
Here we give a brief discussion for the reason why the two cations in the ternary 
chalcogenides are not necessarily to be stoichiometric: The most common crystal 











 metal ions are ordered in the cation sublattice sites. Random distribution 
of the cations in the chalcopyrite (tetragonal) structure leads to the wurtzite (zinc blende, 
hexagonal) structure.
173











 respectively. Similar to the 





 are disordered in their cation sites,
41a
 especially for small-
sized nanocrystals, the phase transformation is fast. Based on our EDX analysis, the two 
metal ions are not stoichiometric, which is a feature of wurtzite phase. Therefore, the 
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products are either pure hexagonal (wurtzite) phase or a mixture of orthorhombic and 
hexagonal (wurtzite) phases.  
 
5.3.3 Cation exchange to form Au-CdX 
The resultant Au-Ag2S and Au-Ag2Se heterodimers can be transformed chemically to 
Au-CdS and Au-CdSe (i.e., II-VI chalcogenides) through cation exchange with the 
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Figure 5.13 TEM images, powder X-ray diffraction patterns, and XPS spectra of (a) Au-
CdS and (b) Au-CdSe nanostructures obtained from cation exchange of Au-Ag2S and 
Au-Ag2Se respectively.  
 
The XRD patterns reveal that both phases are phase pure, and they are assigned 
respectively to CdS (space group: P63mc, lattice constants: ao = 4.141 Å and co = 6.720 
Å; JCPDS card no. 41-1049), and CdSe (space group: P63mc, lattice constants: ao = 
4.299 Å and co = 7.01 Å; JCPDS card no. 8-459). Au could not be detected in the XRD 
for the samples Au-CdS and Au-CdSe which were derived from Au-Ag2S and Au-Ag2Se 
by cation exchange, although Au can still be found in some particles with HRTEM 
technique. This indicates that most leftover Au atoms were actually detached from CdS 
and CdSe with this synthetic route because of increasing lattice mismatches in these two 
samples [Au-CdS (42.7%) compared to Au-Ag2S (31.1%), and Au-CdSe (49.1%) 
compared to Au-Ag2Se (13.6%); Table 5.2]. Additionally, since two Ag
+
 ions were 
replaced by one Cd
2+
, a significant reconstruction within the initial chalcogenide phase 
was involved. It would be difficult for the CdS and CdSe to keep in touch with the Au in 
the final heterostructures. Nevertheless, the dynamic processes in our proposed scheme 
are continuous, and lattice mismatches between the Au and X-phase as large as 47.2 % 
(in the case of Au-AgInSe2) could still be tolerated, which is an advantage of this 
dynamic seeding strategy.  
As shown in the XPS spectra in Figure 5.13, the peak value of Cd 3d5/2 located at 405.0 







In summary, six different types of complex Au-X heterodimers (i.e., I-VI and I-III-VI 
metal-chalcogenides X = Ag2S, Ag2Se, Ag3AuS2, Ag3AuSe2, AgInS2, AgInSe2) have been 
synthesized from a unique dynamic seeding strategy. Revealed by XRD and the starting 





and the AuAg-t2 is highly monodisperse AuAg alloy nanoparticles (Figure 5.2). By 
tuning the elemental ratio of S/Ag or Se/Ag and controlling reaction timing, Au-Ag2S or 
Au-Ag3AuS2 by adding sulfur and Au-Ag2Se or Au-Ag3AuSe2 with selenium could be 
formed from various types of seeds with different aging times. Complex heterodimers 
composed of ternary chalcogenide compounds such as Au-Ag3AuS2, Au-Ag2AuSe2, Au-
AgInS2, and Au-AgInSe2 are the first time results, and some of them can even build into 
supracrystals. The resultant Au-Ag2S and Au-Ag2Se heterodimers can be transformed 
chemically to Au-CdS and Au-CdSe (i.e., II-VI chalcogenides) through cation exchange. 
Heterodimers composed of ternary I-III-VI compounds (i.e., Au-AgInS2 and Au-
AgInSe2) can also be formed when equivalent amount of indium precursor with respect to 
Ag was also included.  Here, we summarize the synthetic strategy we employed in 
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Figure 5.14 Synthetic strategy of Au-X heterodimers, starting with M(I)-




;  for the seeds of AuAg-t1 (t1 = 3 to 5 min) 
and AuAg-t2 (t2 = 30 to 60 min)); Au phase is depicted as small yellow spheres. 
 
To demonstrate the generality of this strategy, heterostructures of all six types of Au-
Ag chalcogenides were prepared through both reflux and solvothermal methods with seed 
precursors at different aging time (AuAg-4, AuAg-30, AuAg-40, and AuAg-60). It was 
found that these heterostructures could be prepared by both methods from different seed 
precursors, except that phase pure of Au-Ag2Se and Au-AgInSe2 can only be obtained 
through reflux method at our present stage of investigation. This proves that the reaction 
window for this dynamic seeding strategy is quite large for and the repeatability of the 
reaction is very high. It is noteworthy mentioning that the synthetic scheme reported in 
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this work is a truly simple direct technique, since it requires only alkylamines (e.g., 
oleylamine (OLA)) in its synthetic environment. The adopted alkylamine in our present 
work acts as both a surfactant and a solvent in all the synthetic reactions. Because no 
other toxic chemicals or high-cost surfactants are required, this synthetic scheme greatly 
simplifies complex chemical processes involved in the well-established techniques for 
the fabrication of HNCs. In theory, this concept could be readily applied to create various 
types of heterostructures provided the seed composed of one chemically inert and another 
chemically reactive atoms (for example, PtZn, PtNi and etc), thus creating novel 
heterostructures with multiple functions for sensing, catalysis, optical and magnetic 
applications. In Chapter 6, we will further explore this synthetic strategy by extending it 







CHAPTER 6 EXTENSION OF DYNAMIC SEEDING STRATEGY TO 
PURE Ag SEEDS, AuCu SEEDS, PtAg SEEDS AND MECHANISTIC 
INVESTIGATION FOR HNCS FORMATION 
6.1 Introduction 
As discussed in Chapter 4 and Chapter 5, we have successfully synthesised Ag2S, Ag2Se, 
AgInS2, AgInSe2 NCs and their Au based heterostructures through a facile OLA method.  
Beside silver chalcogenides, copper chalcogenides is another important category of metal 
chalcogenides. Copper chalcogenides (CuS and CuSe as examples) and their ternary 
(CuInS2, CuInSe2 and CuGaSe2 as examples) and quartenary compounds 
(Cu(In1−xGax)Se2 and CuIn(Se1−xSx)2 as examples) have attracted much interest in recent 
years owing to their outstanding electro-optical properties
176
 and their potential 
applications in photovoltaics.
52  
The objective of this chapter is to synthesis various types 
of copper chalcogenides nanocrystals. Here, we give a brief introduction of the most 
common binary and ternary copper chalcogenides. 
The bonding in copper sulfides cannot be simply described in terms of oxidation state 
because the Cu-S bonds are not pure ionic but somewhat covalent in character.
177
 Due to 
the rich oxidation states of copper, copper sulﬁdes exist in a wide variety of compositions, 
ranging from copper-rich chalcocite (Cu2S) to copper-deﬁcient villamaninite (CuS2) with 
numerous non-stoichiometric compounds in-between, such as covellite (CuS), djurleite 
(Cu1.95S), and anilite (Cu1.75S).
178
 Cu2S (chalcocite) and CuS (covellite) are the most 
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prominent copper sulfide minerals. Cu2S is an important semiconductor with a bulk band 
gap of 1.2 eV and has been extensively investigated and used in solar cells.23 CuS is a p-
type semiconductor and has found wide application in solar cells, optical filters, photo 
electric transformers, and sensors.  Numerous synthetic methods have been reported to 













 could be obtained 
by reaction of copper and sulfur precursors.   
Similar to copper sulfide, copper selenide has been found to exist in a wide range of 
stoichiometric compositions (CuSe, Cu2Se, CuSe2, Cu3Se2, Cu5Se4, and Cu7Se4) and non-
stoichiometric compositions (Cu2-xSe).
184
 CuSe, both a semiconducting and a superionic 
material, has been studied in thin-film applications in photovoltaics, optical filters, and 
dry galvanic cells (as a solid electrolyte).
53b
 Various methods for the synthesis of CuSe 
nanocrystals have been explored, such as templating against Se nanotubes
184a







 and etc. Uniform hollow 
CuS and CuSe derivatives have also been synthesized using Cu2O spheres as solid 
precursor.
187
 CuSe can also be obtained from cation exchange of Ag2Se.
188
  
CuInS2 might be one of the most extensively studied copper chalcogenides due to its 




, a direct band 
gap of 1.45 eV, which matches well with the solar spectrum, easy conversion of n/p 
carrier type,
189
 and low toxicity.
28
 CuInS2 has a high theoretical solar energy conversion 
efficiency of 30%.
190
 The overall efficiency of thin film devices based on CuInS2 has 
reached 13% in the laboratory.
191
  Consequently, diverse methods have been developed 












efficiencies of up to 4% have been achieved  using CuInS2 NCs as absorb layer.
192
 
CuInS2 nanocrystals can also be used as photocatalysts for H2 evolution under solar 
illumination, 
193
 as well as counter electrode material for Dye-sensitized solar cells. 
194
    
CuInSe2 is also one of the most promising candidates for thin film photovoltaic devicess 
due to their unique structural and electrical properties.  Chalcopyrite CuInSe2, with a 
direct band gap of 1.04 eV, has a high absorption coefficient over the UV−vis range, 








 for thin films. In recent years, 
CuInSe2 NCs has been studied as solar-harvesters for solution-processed solar cells. 
Prototype of solar cells based on chalcopyrite CuInSe2 NCs exhibit an efficiency of 3.2% 
under AM1.5 illumination.
195
 CuInSe2 NCs has also found applications in high-
performance hybrid photodetector.
71
 The synthesis methods of CuInSe2 NCs are similar 










As discussed above, the synthesis of copper chalcogenides have been reported via 
different approaches, nevertheless, to our best knowledge, there is so far no report on the 
synthesis of several kinds of copper chalcogenides through a general approach. In this 
chapter, we aim to obtain all the four common copper chalcogenides, such as copper 
sulfide, copper selenide, copper indium sulfide and copper indium selenide from a a 
simple and effective general approach by extending the dynamic seeding strategy that 
was developed in the previous chapter. Using the similar approach developed in Chapter 
5, we extend our study for the fabrication of Au and copper chalcogenide nanostructures 
from AuCu alloy nanoparticles. Furthermore, apart from intrinsic compositional 
 128 
 
difference (i.e., AuAg alloy nanoparticles and AuCu alloy nanoparticles), structural 
defects within the same particle can also lead to the variation of reactivity. To establish 
this point further, we also used as-prepared Ag nanoparticles as starting "dynamic seeds" 
to make silver chalcogenides and heterostructures.  The schematic flowchart in Figure 6.1 
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Figure 6.1 Schematic illustration of the synthetic strategy for the construction of HNCs 
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Figure 6.2 Schematic illustration of the synthetic strategy for the construction of single 
phase silver chalcogenides and HNCs composed of Ag and silver chalcogenide 
nanocrystals. Ag phase is depicted as small green spheres. 
 
To test the above conceptual schemes, we conducted a series of experiments in section 




6.2 Experimental Section 
6.2.1 Chemicals  
Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9+%, Aldrich), 1-dodecanethiol 
(C12H25SH, DDT, 98+%, Aldrich), silver nitrate (AgNO3, for analysis, Mallinckrodt 
Chemical), indium chloride (InCl3, anhydrated, Strem Chemicals), copper (II) acetate 
monohydrate (CuAc, puriss, p.a., Sigma-Aldrich), Platinum(II) acetylacetonate, 
(Pt(acac)2, 98%, Strem) oleylamine [CH3(CH2)7CHCH(CH2)7CH2NH2, OLA, Acros 
Organics, 80-90%], sulfur flakes (S, Aik Moh Paints & Chemicals), and selenium powder 
(Se, Acros Organics, 99.5+%) were used in the synthesis without further purification 
except that the sulfur flakes were ground into powder before use. 
 
6.2.2 Synthesis of heterostructures of Cu chalcogenides from AuCu seeds  
Stock solutions of S/OLA, Se/OLA and InCl3/OLA were prepared by the same way 
described in Chapter 5. Stock solution of Cu/OLA was prepared by dissolving a weighed 
amount of CuAc in an appropriate volume of OLA to form a uniform solution with a 
concentration of 0.10 mol/L.  
 
6.2.2.1 Synthesis of AuCu seeds 
0.4 mL of Cu/OLA solution (CuAc amount: 0.040 mmol) was injected into OLA (56 
mL) at 200
o
C that containing 0.020 mmol Au-DDT and the mixture was kept refluxing 
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for 30 min. Therefore, theoretically the resultant alloy solution should contain AuCu 
seeds with 0.020 mmol of Au and 0.040 mmol of Cu.  
 
6.2.2.2 Synthesis of Au-Cu9S5 nanostructures 
For a typical synthesis, 0.1 mL of S/OLA solution (S amount: 0.020 mmol) was added 
into the above heated AuCu alloy solution. The solution was kept refluxing at 200
o
C for 
another 30 min. 
 
6.2.2.3 Synthesis of Au-CuSe nanostructures 
For a typical synthesis, 0.4 mL of Se/OLA solution (Se amount: 0.040 mmol) was added 
into the above heated AuCu alloy solution. The solution was kept refluxing at 200
o
C for 
another 30 min. 
 
6.2.2.4 Synthesis of Au-CuInS2 nanostructures 
For a typical synthesis, 0.4 mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 0.6 
mL of S/OLA solution (S amount: 0.12 mmol) were added into the above heated AuCu 
alloy solution. The solution was kept refluxing at 200
o
C for another 30 min.  
 
6.2.2.5 Synthesis of Au-CuInSe2 nanostructures 
For a typical synthesis, 0.4 mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 1.0 
mL of Se/OLA solution (Se amount: 0.10 mmol) were added into the above heated AuCu 
alloy solution. The solution was kept refluxing at 200
o




6.2.2.6 Control experiments (without Au-DDT)  
(i) Synthesis of Cu9S5 nanostructures. 0.4 mL of Cu/OLA solution (CuAc amount: 0.040 
mmol) was injected into OLA (56 mL) at 200oC and kept refluxing for 30 min. 0.1 mL 
of S/OLA solution (S amount: 0.040 mmol) was added into the above heated solution. 
The solution was kept refluxing at 200
o
C for another 30 min. 
(ii) Synthesis of CuSe nanostructures. 0.4 mL of Cu/OLA solution (CuAc amount: 0.040 
mmol) was injected into OLA (56 mL) at 200oC and kept refluxing for 30 min. 0.4 mL 
of Se/OLA solution (Se amount: 0.040 mmol) was added into the above heated solution. 
The solution was kept refluxing at 200
o
C for another 30 min. 
(iii) Synthesis of CuInS2 nanostructures. 0.4 mL of Cu/OLA solution (CuAc amount: 
0.040 mmol) was injected into OLA (56 mL) at 200oC and kept refluxing for 30 min. 
0.4 mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 0.6 mL of S/OLA solution 
(S amount: 0.12 mmol) were added into the above heated solution. The solution was kept 
refluxing at 200
o
C for another 30 min.  
(iv) Synthesis of CuInSe2 nanostructures. 0.4 mL of CuAc/OLA (CuAc amount: 0.040 
mmol) was injected into OLA (56 mL) at 200oC and kept refluxing for 30 min. 0.4 mL 
of In/OLA (InCl3 amount: 0.040 mmol) and 1.0 mL of Se/OLA solution (Se amount: 0.10 
mmol) were added into the above heated AuCu alloy solution. The solution was kept 
refluxing at 200
o
C for another 30 min.  
 
6.2.3 Synthesis of single-phase Ag chalcogenides and Ag-based heterodimers 
from pure Ag seeds  
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6.2.3.1 Preparation of Ag seed precursors 
A required amount of Ag-DDT (0.080 mmol for binary compounds and 0.040 mmol for 
ternary compounds unless otherwise specified) was injected into OLA (56 mL) at 200oC 
and kept refluxing for 30 min to 1 h. The final reaction products (which served as seed 
precursors in the scheme shown in Figure 6.2) are named as Ag-30 and Ag-60). Stock 
solutions of S/OLA, Se/OLA and InCl3/OLA were prepared by the same way described 
in Chapter 5 (section 5.2.3).  
 
6.2.3.2 Synthesis of Ag-Ag2S nanostructures 
In a typical synthesis, after the above Ag-60 precursor (Ag: 0.080 mmol) was transferred 
to a Teflon beaker and cooled down to room temperature, 0.1 mL of S/OLA solution (S 
amount: 0.020 mmol, the molar ratio of Ag:S = 4:1) was added and the mixture was kept 
stirring for 40 min at room temperature. Finally the mixture in the Teflon beaker was 
sealed in an autoclave and put into an electric oven at 200
o
C for 1 h. 
 
 6.2.3.3 Synthesis of Ag2S nanocrystals 
In a typical synthesis, after the above Ag-60 precursor (Ag: 0.080 mmol) was transferred 
to a Teflon beaker and cooled down to room temperature, 0.4 mL of S/OLA solution (S 
amount: 0.080 mmol, the molar ratio of Ag: S = 1:1) was added and the mixture was kept 
stirring for 40 min at room temperature. Finally the mixture in the Teflon beaker was 
sealed in an autoclave and put into an electric oven at 200
o
C for 1 h.  
 
6.2.3.4 Synthesis of Ag2Se nanocrystals 
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For a typical synthesis, 0.4 mL of Se/OLA solution (Se amount: 0.040 mmol) was added 
into the above heated Ag-30 precursor (Ag amount: 0.080 mmol). The solution was kept 
refluxing at 200
o
C for another 15 min.  
 
6.2.3.5 Synthesis of AgInS2 nanostructures 
For a typical synthesis, after the Ag-60 seed precursor solution (Ag amount: 0.040 mmol) 
was transferred to a Teflon beaker and cooled down to room temperature, 0.4 mL of 
In/OLA solution (InCl3 amount: 0.040 mmol) and 0.4 mL of S/OLA solution (S amount: 
0.080 mmol) were added and the mixture was kept stirring for 40 min at room 
temperature. Finally, the mixture in the Teflon beaker was sealed in an autoclave and put 
into an electric oven at 200
o
C for 1 h. 
  
6.2.3.6 Synthesis of AgInSe2 nanocrystals 
For a typical synthesis, 0.4 mL of In/OLA solution (InCl3 amount: 0.040 mmol) and 0.8 
mL of Se/OLA solution (Se amount: 0.080 mmol) were added into the above heated Ag-
30 seed precursor (Ag amount: 0.040 mmol). The mixture was kept refluxing at 200
o
C 
for 30 min. 
 
6.2.4 Synthesis of Pt-AgInS2 heterostructures from PtAg seeds  
The synthesis of PtAg seeds was based on literature report
198
 with slight modification. 
Typically, a solution of 45 mg of AgNO3 in 10 mL of OLA was heated at 160
o
C under 
magnetic stirring for 1 h. 65 mg Pt(acac)2 was added to the Ag seed solution, and the 
mixture was kept stirring at 240
o
C for 1 h.  After that, equivalent amount of InCl3 and 
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sulfur powder were added into the above heated PtAg alloy solution. The solution was 
kept refluxing at 200
o
C for another 2 h. 
 
6.2.5 Sample washing and re-dispersion 
Please refer to the procedures that are described in Chapter 5 (section 5.2.4.9).  
 
6.2.6 Characterization techniques 
The characterization techniques for TEM, XRD, XPS and EDX are the same as those 
described in Chapter 5 (section 5.2.5).  Absorption spectra of NCs were recorded on a 
Shimadzu 3600 spectrometer by dispersing the nanocrystals in toluene and using toluene 
as reference.   
 






Reaction Experimental conditions 
Au-Cu9S5 16.6% AuCu, S Cu/S = 2:1 or 1:1 2Cu+S Reflux, 200
oC 
Au-CuSe 16.2% AuCu, Se Cu/Se = 1:1 Cu+Se Reflux, 200oC 
Au-CuInS2 36.5% AuCu, S, In
3+ Cu:In:S = 1:1:3 Cu+In+2S Reflux, 200oC 
Au-CuInSe2 42.1% AuCu, Se, In
3+ Cu:In:Se = 1:1:2.5 Cu+In+2Se Reflux, 200oC 
Ag-Ag2S 31.1% Ag, S  Ag/S = 4:1 2Ag+S Solvothermal, 200
oC 
Ag2S - Ag, S Ag/S = 2:1 2Ag+S Solvothermal, 200
oC 
Ag2Se - Ag, Se Ag/Se = 2:1 2Ag+Se Reflux, 200
oC 
Ag-AgInS2 42.5% Ag, S, In
3+ Ag:In:S = 1:1:2 Ag+In+2S Solvothermal, 200oC 
AgInSe2 - Ag, Se, In




6.3 Results and Discussion 
6.3.1 Fabrication of heterostructures of Cu chalcogenides from AuCu seeds 
As demonstrated in Figure 6.3a, the as synthesized AuCu seeds are a mixture of nanorods 
and semi-spherical nanoparticles. The XRD pattern of the synthesized AuCu seeds is 
























Figure 6.3 (a) TEM image and (b) XRD pattern of the starting AuCu seeds.  
 
Using the above AuCu alloy seed, along the similar line as described in chapter 5 (please 
also see Figure 6.1), we have also synthesized Au-X heterostructures with Cu-based 
chalcogenides (where X = Cu9S5, CuInS2, CuSe, CuInSe2) simply by adding proper 
amount of the elemental ratio of S or Se and/or In precursors. The synthesis is similar to 
the fabrication of Au-X heterodimers described in Chapter 5 except that using the AuCu 
seeds to replace AuAg seeds.  
The XRD patterns shown in Figure 6.4 confirmed the phase purity of the products. 
Except that unreacted Se existed together with Au-CuSe, all the other three 
nanostructures are phase pure and only contain Au and the X phase.  The respective X 




= 48.14 Å; JCPDS card no. 47-1748. Although initially we intend to obtain Au-Cu2S, 
however, in our present study, the final product is always Au-Cu9S5 regardless of the 
input ratio of Cu:S, similar to CuS (Covellite) and Cu2S (Chalcocite), Cu9S5 (digenite) is 
also a naturally occurring metal sulfide compound
200
); CuSe (hexagonal, space group: 
P63mc, lattice constants: ao = 3.94 Å, and co = 17.23 Å; JCPDS card no. 20-1020); 
CuInS2 (tetragonal, space group: I42d, lattice constants: ao = 5.520 Å, and co = 11.122 Å; 
JCPDS card no. 47-1372); and CuInSe2 (tetragonal, space group: I42d, lattice constants: 
ao = 5.782 Å, and co = 11.619 Å; JCPDS card no. 40-1487).  
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Figure 6.4 Powder X-ray diffraction patterns of (a) Au-Cu9S5, (b) Au-CuSe, (c) Au-
CuInS2, and (d) Au-CuInSe2 and the respective standard patterns.  
 
Figure 6.5 shows TEM images of the four types of nanostructures that were obtained 
from the above AuCu seeds, although there is a need to attain additional morphological 
control for these samples. The uniform size and shape distribution of preformed colloidal 
seeds is a prerequisite for subsequent control over structures of HNCs. As shown in 
Figure 6.3 (please compare with the AuAg seeds in Figure 5.2), the AuCu seeds are a 
mixture of nanorods and nanoparticles with different sizes and shapes. To obtain a 
uniform size distribution for the final heterostructures, the quality and size distribution of 
the seeds is a prerequisite.  Both kinetic processes and thermodynamic factors come into 




topology the resulting nanoheterostructure will adopt. Besides the seeds quality, to 
control the topology of the desired hybrid nanostructure, several parameters should be 
brought into consideration: (1) lattice constant mismatch and structural differences 
between the two materials; (2) interfacial energy among the materials; (3) surface 
accessibility/reactivity; (4) miscibility of the materials; (5) presence of polar facets; (6) 
surface defects.
158
  Compared with Ag, Cu is more active, so that the experimental 
conditions need to be milder in order to achieve better shape control of heterodimers.   
As mentioned in the introductory part, there are various phases for copper chalcogenides. 
The growth behavior of compound materials is strongly influenced by the variety of 
existing phases that can be formed by the elements present during the growth process.
201
 
For the case of Au-Cu9S5, initially, by adding sulfur precursor, we intended to obtain Au-
Cu2S for input ratio of Cu/S at 2:1, or Au-CuS for input ratio of Cu/S at 1:1. However, 
the reaction of sulfur precursor and AuCu seeds led to the formation of Au-Cu9S5, 
regardless of the input ratio of Cu/S is 2:1 or 1:1 (Table 6.1). This is consistent with the 
reported data, although they used different copper precursors and solvents.
107
 To our 
knowledge, there is no reported value of the Gibbs free energies of formation for Cu9S5, 
however, the value should be very close to Cu2S based on the Gibbs phase diagram.
201
  
Recently, Cu9S5 has been reported as a photothermal agent and cancer cells in vivo can be 
efficiently killed by the photothermal effects of the Cu9S5 NCs.
183
 
When adding Se precursor to AuCu, the competition products are Au-CuSe and Au-
Cu2Se. Although at free state (no Au center), Cu2Se is more stable than that of CuSe 
(ΔfG°(Cu2Se) = 74.1 kJ/mol, ΔfG°(CuSe) = 40.3 kJ/mol), the final product is Au-
CuSe, this might be due to the Au center lower the energy barrier of for the formation of 
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CuSe much more than that for the formation of Cu2Se. From the crystallography view of 
point, Au is cubic phase, Cu2Se (space group: F23, lattice constants: ao = 5.84 Å; JCPDS 
card no. 76-136) is cubic phase, while CuSe (space group: P63mc, lattice constants: ao = 
3.94 Å, and co = 17.23 Å; JCPDS card no. 20-1020) is hexagonal phase. The favorite 
product should be Au-Cu2Se instead of Au-CuSe. This implied that the formation of 
copper selenide is quite complex and further investigation is needed to fully understand 
the formation process.  
When adding indium and sulfur precursors together, the final product is Au-CuInS2. 
Based on the XRD patterns, beside Au phase, only CuInS2 exists, and no any copper 
sulfide phase was detected. This is because the thermodynamic stability of CuInS2 
(ΔfG°(CuInS2) = 218.6 kJ/mol) is much higher than those of copper sulfides 
(ΔfG°(Cu2S) = 86.2 kJ/mol, ΔfG°(CuS) = 53.6 kJ/mol). Even if there was copper 
sulfide formed in the early stage, given enough time, it would transform to CuInS2 under 
indium rich environment. Therefore, the final products are phase pure Au-CuInS2.   
For the formation of Au-CuInSe2, from the XRD patterns, beside Au phase, only CuInSe2 
exists, and no existence of any copper selenide phase was detected. As a counter part of 
Au-CuInS2, this is because the thermodynamic stability of CuInSe2 (ΔfG°(CuInSe2) = 
201.2 kJ/mol) is much higher than those of copper sulfides (ΔfG°(Cu2Se) = 74.1 
kJ/mol, ΔfG°(CuSe) = 40.3 kJ/mol), which excludes the formation of copper selenides 







Figure 6.5 TEM images of (a) Au-Cu9S5, (b) Au-CuInS2, (c) Au-CuSe, and (d) Au-
CuInSe2 heterostructures prepared from the AuCu seeds. 
 
Interestingly, without Au phase, it was only possible to obtain phase pure CuInS2 (the 
XRD patterns shown in Figure 6.6).  It is impossible to obtain Cu9S5 (or any kind of 
copper sulfides) and CuSe (or any kind of copper selenide) for the respective control 
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experiments. Although there are peaks observed for the control experiment of Au-CuSe, 
they do not match any patterns of copper selenides in the JCPDS database. CuInSe2 NCs 
could be obtained from the control experiment, whereas the final products are not phase 
pure and coexisted with CuSe.  




































Figure 6.6 XRD patterns for control experiments without Au-DDT involved and the 




This observation is consistent with the report that hexagonal CuSe as an intermediate 
during the formation of CuInSe2 particles.
202
 It has been well known that the metallic 
seeds often participate in the reaction as catalysts and lower the activation energy for 
heterogeneous nucleation.
100a
 Thus, this observation implies that the residual Au atoms 
are essential for the formation of copper chalcogenides and they may also act as a catalyst 
for the observed chemical transformation.  
XPS spectra (Figure 6.7) and EDX analysis (Table 6.2 and Appendix A4) further confirm 
the formation of these Au and copper chalcogenides.  In particular, Cu 2p are split into 
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Figure 6.7 XPS core level spectra for the Au 4f, Cu 2p, In 3d, S 2p, and Se 3d of Au-
Cu9S5, Au-CuInS2, Au-CuSe and Au-CuInSe2 heterostructures.  
 
Table 6.2 Summary of elemental ratio from EDX analysis. 
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Compounds Au: Cu: S Au: Cu: Se Au: Cu: In: S Au: Cu: In: Se 
Au-Cu5S9 6: 33: 61    
Au-CuSe  6:44:50   
Au-CuInS2   18:29:18:35  
Au-CuInSe2    4:29:17:50 
 
From the EDX summary shown in Table 6.2, we can find that the atomic ratios of HCNs 
composed of binary copper chalcogenides are stoichiometric. However, for ternary 
products, the atomic ratio of Cu and In is not 1:1 for both CuInS2 and CuInSe2, although 
both of their XRD patterns match well with the respective standard patterns. It has been 






2 with wurtzite structure, the A and B cations are disordered in 
the cation sites and they are not necessarily to be stoichiometric. Similar results have 





6.3.2 Fabrication of silver chalcogenides and their heterostructures from Ag 
seeds 
As discussed in Chapter 4, we have successfully synthesised Ag2S, Ag2Se, AgInS2 and 
AgInSe2 NCs by mixing and heating of metal salts and sulfur or selenium powder through 
a facile OLA method. With the synthetic scheme shown in Figure 6.2, pure phase of 
silver chalcogenides and heterodimers of Ag and silver chalcogenides can be fabricated 
from Ag seeds simply by adding proper amount of S or Se and/or In precursors. The 
synthesis protocol is similar to the fabrication of Au-X heterodimers described in Chapter 
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5 except that using the pure Ag seeds to replace AuAg seeds.  As shown from the TEM 
images and XRD patterns in Figure 6.8a,b,c, phase pure silver chalcogenides Ag2S, 
Ag2Se and AgInSe2 could be obtained by full conversion of the Ag seeds (Ag-30 and Ag-
60). The graphs reveal the single phase of all these four products and they match well 
with monoclinic Ag2S (space group: P21/n, lattice constants: ao = 4.229 Å, bo = 6.931 Å 
and co = 7.862 Å; JCPDS card no. 14-72), orthorhombic Ag2Se (space group: P212121, 
lattice constants: ao = 4.333 Å, bo = 7.062 Å and co = 7.764 Å;  JCPDS card no. 24-
1041), and orthorhombic AgInSe2 respectively (space group: Pna21, lattice constants: ao 
= 7.223 Å, bo = 8.489 Å and co = 6.920 Å;
40
). All of them are single crystalline structures 
with good crystallinity.   
Through controlling the input ratio of S/Ag and reaction kinetics, heterodimers of Ag-
Ag2S (Figure 6.8d) could also be prepared by partial conversion of the silver metal, in 
which more reactive Ag atoms were converted to the chalcogenide phases and less 
reactive ones retained in the metallic phase. Apparently, structural inhomogeneity is the 
cause to differentiate atomic reactivity of Ag. The XRD pattern for Ag-Ag2S is a 
combination of Ag peaks and Ag2S peaks. (Please refer to Figure 6.10 for a clearer view.) 
The intensity of the Ag peaks is much higher than that of Ag2S peaks due to metal nature 
of Ag phase.  However, for Ag-AgInS2 heterostructures formation, initially the input ratio 
of In and S (please refer to section 6.2.3) were controlled to fully convert the Ag atoms in 
the seeds. The XRD pattern is consistent for the pure orthorhombic AgInS2 (space group: 
Pna21, lattice constants: ao = 7.001 Å, bo = 8.278 Å and co = 6.698 Å; JCPDS card no. 
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Figure 6.8 TEM images and powder XRD patterns of (a) Ag2S, (b) Ag2Se and (c) 
AgInSe2 nanocrystals, and (d) Ag-Ag2S and (e) Ag-AgInS2 (Note: the real formula 
should be Ag-AgxInySz that match well with AgInS2 XRD) heterodimers prepared from 




   
Figure 6.9 (a) Magnified view of Ag-AgInS2 nanocrystals shown in Figure 6.8 (e); (b) 
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Figure 6.10 XRD patterns of different nanostructures prepared from pure Ag seeds 
(corresponding to Figure 6.8e). Standard patterns are also shown together with the 
measured XRD patterns for comparison.  
 
Although the XRD patterns for the Ag-AgInS2 nanostructures match well with single 
phase AgInS2, from magnified view of TEM images and HRTEM images, the real 
structures are heterodimers composed of two different materials with sharp image 
contrast. The distance between the two adjacent planes for the dark part (as the arrow 
indicated dark part for Figure 6.9b and Figure 6.9c) is 0.23 nm, corresponding to the 
lattice fringes of (111) planes of silver.  The distance between the lattice planes in the 
lighter part of Figure 6.9b,c is 0.34 nm, corresponding to the lattice fringes of (002) of 
AgInS2. Therefore, the chemical formula should be Ag-AgxInySz. Please refer to the EDX 
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analysis (Table 6.3) for further discussion of the reason that the atomic ratios of I-III-VI 
materials are not necessarily to be stoichiometric. 
For AgInS2 and AgInSe2, they are both assigned to the orthorhombic phase because the 
separation of (040) and (320) peaks. For hexagonal phase, at similar 2 Theta value, there 
is only one (102) peak.  
XPS analysis was further carried out to verify composition and oxidation states of 
elements in the heterostructures. Figure 6.11 shows the XPS spectra of all the samples 
discussed above. The respective elements of Ag, In, S and Se are all present in the 
samples.   

























































































Figure 6.11 XPS core level spectra for the Ag 3d, In 3d, S 2p, Se 3d from phase pure 
Ag2S, Ag2Se, AgInS2 and AgInSe2 nanocrystals obtained from the Ag seeds. 
 
Table 6.3 Summary of elemental ratio from EDX analysis.  
Compounds Ag: S Ag: Se Ag: In: S Ag: In: Se 
Ag2S_s 66:34    
Ag2Se_r  68:32   
AgInS2_s   23:33:44  
AgInSe2_r    18:31:51 
 
From the EDX summary shown in Table 6.3, we can find that the atomic ratios of the two 
binary products are stoichiometric. However, for ternary products, the atomic ratio of Ag 
and In is not 1:1 for both AgInS2 and AgInSe2, although both of their XRD patterns 







with wurtzite structure, the A and B cations are disordered in the cation sites and they are 
not necessarily to be stoichiometric. Although there is no such report for AgInS2, 
however, similar results have been reported for CuInS2 with the Cu:In atomic ratio not 
equal to 1:1.
143
 AgInSe2 nanocrystals with elemental composition of Ag:In:Se = 




6.3.3 Preliminary results of Pt-AgInS2 heterostructures from PtAg seeds                          
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Herein, we would also like point out that besides the above AuAg and AuCu alloy seeds, 
many other alloy nanoparticles reported in literature are also suitable to act as “dynamic” 
seeds. For instance, using PtAg nanoparticles,
198
 Pt-AgInS2 heterostructures have been 
readily obtained under the similar synthetic strategy. Figure 6.12 shows the XRD patterns 
of PtAg alloy and its time-dependent transformation to Pt-AgInS2 heterostructures using 
dynamic seed method. The XRD patterns of AgInS2 can be obviously observed even just 
after 15 min.  
Figure 6.13 shows the TEM images of Pt-AgInS2 heterostructures. From the image 
contract, the dark (Pt) and the light (AgInS2) parts can also be seen in the images.  




















Pt (JCPDS No. 87-644)
 
Figure 6.12 Powder X-ray diffraction patterns of (i) PtAg alloy nanoparticles and Pt-
AgInS2 heterostructures obtained from PtAg seeds at different reaction time (ii) 15 min, 
(iii) 30 min, and (iv) 2 h. The standard JCPDS data of Pt is also shown (cubic, space 





Figure 6.13 Typical TEM images of Pt-AgInS2 heterostructures prepared from the PtAg 
seeds. 
Figure 6.14 shows the XPS spectra for the elements existed in Pt-AgInS2 
heterostructures. The banding energies of the Ag 3d, In 3d, and S 2p correspond well 
with AgInS2 in both its single phase and heterostructures (Please refer to Chapter 4 and 
5). The peaks of Pt 4f7/2 and 4f5/2 curves appear at 71.3 and 74.6 eV, respectively, which 























































Figure 6.14 XPS core level spectra for the Pt 4f, Ag 3d, In 3d, and S 2p of Pt-AgInS2 
heterostructures.  
 




From the summary of the atomic ratios based on EDX analysis, the ratio of Ag:In:S = 
1:1:2, which implies that the Ag, In and S elements are stoichiometrically existed in the 
Pt-AgInS2 heterostructure.  
 
6.3.4 Control of phase ratio in HNCs    
Typically, the thickness of the shell in core/shell nanocrystals is controlled by varying the 
molar ratio of the seed and the shell materials in the synthesis together with the reaction 
time. However, only very few examples have been reported.
162a,162h
 An obvious 
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advantage for our dynamic seeding strategy is that the ratio of the two phases in the 
heterostructures can be tuned facilely by simply changing the initial input ratio of Au and 
Ag. Herein we use Au-Ag2S or Au-AgInS2 (i.e., gold with binary or tertiary metal 
chalcogenides) to demonstrate this compositional control. Taking the Au-Ag2S 
heterodimers as an example, the corresponding XRD patterns and TEM images are 
shown in Figure 6.15a. The difference in relative intensities in the XRD patterns reflects 
the different phase ratios of Ag2S and Au in the heterodimers. In this agreement, different 
ratios of the dark (Au) and the light (Ag2S) parts can also be seen in their respective TEM 
images. It can be clearly observed from both TEM images and XRD patterns that the 
ratio of Au increases while that of Ag2S decreases in the HNCs with increased ratio of 
Au content in their alloy seeds. Similar trend can also be found in Au-AgInS2 HNCs 
(Figure 6.15b). For both cases of Au-Ag2S and Au-AgInS2, heterodimers are formed 
when the Au amount is lower. However, core/shell structures (although not strictly 
centrosymmetrical) tend to form at higher Au content, i.e., both Au:Ag = 8:4 and 4:4 for 
Au-AgInS2. Apparently, formation of pseudo-core/shell structures in the Au-AgInS2 with 
high content of Au can be attributed to a larger lattice mismatch (Au-Ag2S at 31.1% and 
Au-AgInS2 at 42.5%, Table 6.1). As we know, for the conventional seeded growth, large 
lattice-mismatches usually lead to phase segregation of the core and shell and it is 
difficult to form core/shell structures between large lattice-mismatch materials.
17, 145c
 Our 
present approach seems to be able to overcome this limitation because it involves a 
continuous intimate phase evolution process, which can be considered as a methodic 
advantage for the general preparation of core/shell structures with large lattice 
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Figure 6.15 (a) XRD patterns and their corresponding TEM images of Au-Ag2S samples 
prepared from seeds with different Au:Ag atomic ratios: (i) Au:Ag = 2:1, (ii) Au:Ag = 
1:1, (iii) Au:Ag = 1:4, and (iv) Au:Ag = 1:6. (b) XRD patterns and their corresponding 
TEM images of Au-AgInS2 samples prepared from seeds with different Au:Ag atomic 
ratios: (i) Au:Ag = 1:4, (ii) Au:Ag = 2:4, (iii) Au:Ag = 4:4, and (iv) Au:Ag = 8:4. To 
make comparision, the four XRD peaks were normalized with the peak of (121)/(201) 
peak of AgInS2. (c) UV-vis absorption spectra of of Au-AgInS2 samples prepared from 
seeds with different Au:Ag atomic ratios.  The scale bar for all the TEM images is 5 nm.    
 
It has been well known that noble metals and their alloy nanoparticles often exhibit 
surface plasma resonance (SPR) properties at specific wavelengths in the visible range.
203
 





 In fact, our synthetic strategy with tunable composition 
control offers us a convenient platform to investigate the optical properties of HNCs.  
Figure 6.15c shows a series of UV−vis absorption spectra of Au-AgInS2 HNCs 
synthesized from AuAg seeds with different ratios of Au:Ag. Interestingly, the spectra 
exhibit different SPR absorption bands in the visible region according to variable ratios 
of the two phases. It can be observed that at higher Au ratios (Au:Ag = 4:4 and 8:4), the 
absorption spectra of the Au-AgInS2 HNCs are dominated by the SPR effects of Au 
nanoparticles, as the absorption features of AgInS2 are not prominent due to the 
superimposed SPR absorption of the tail of Au.
37
 There is no obvious change for the 
location of the SPR band in these two cases (Au:Ag = 4:4 and 8:4), and both shows an 
absorption maximum at ~538 nm, which is a characteristic peak of Au nanoparticles in 
both its single phase form
165
 as well as in their HNCs.
204,205
  Obviously, the SPR band is 
more prominent for Au-AgInS2 with Au:Ag = 8:4 because of higher Au ratio in the 
HNCs. The SPR absorption spectrum of the Au-AgInS2 HNCs with Au:Ag = 2:4 is 
widened and a shoulder absorption can be noted. However, the absorption spectrum of 
the Au-AgInS2 HNCs with Au:Ag = 1:4 only shows features of single phase AgInS2 NCs 
and the SPR feature of Au is not very visible.. Therefore, by tuning the ratio of the two 
phases geometrically through adjusting the starting seed ratio, the optical properties of 
the product HNCs can be finely controlled.  
 
6.3.5 Mechanistic investigation 
Time-dependent UV-vis absorption spectroscopy can be used as a probe to monitor the 
growth processes for the formation of Au nanostructures.
142
 This method was also used to 
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explore the growth process of our HNCs. In particular, the formation of Au-AgInS2 
heterostructures from Au:Ag = 8:4 seeds were chosen as a model system for this study, in 
view of its prominent SPR peak among the others (Figure 6.15c). As shown in Figure 
6.16a, before adding indium and sulfur precursors, the SPR band is located at ~485 nm, 
which is the characteristic peak of AuAg alloy nanoparticles.
165
  Right after adding the 
two precursors (the measured sample was withdrawn within 1 min after addition of the 
two precursors, see Experimental Section), the observed SPR band disappears 
immediately. However as the reaction proceeded, the metal SPR band was gradually 
recovered and finally located at ~538 nm,
165
 indicating that  phase pure Au was formed in 
the product Au-AgInS2. Similar trend can also be found during the formation of Au-
CuInS2 except that the SPR band is much broader and red-shifted due to the existence of 
Au nanorods in the Au-CuInS2 originated from not so uniform AuCu seeds (Figure 6.17). 
The absorption band at 500–600 nm is a typical absorption feature of AuCu 
nanoparticles.
184,206
 We noticed the absorption feature of AuCu seeds at ~367 nm, 
however, the mechanism behind it is still under investigation. To understand the reaction 
sequences, Figure 6.16 displays some representative XPS spectra of Au 4f, Ag 3d, S 2p, 
and In 3d of reaction intermediates (i.e., 1 min after adding the indium and sulfur 
precursors) and final Au-AgInS2 product (after 2 h of reaction). It can be found that at the 
beginning stage, the intensity of In 3d peaks is much higher than those of the other three 
elements and the signal to noise ratio of In 3d peaks is also the highest, which implies 
that the In
3+
 ions are more abundant in the surface region right after the reaction. As the 
reaction proceeded, the intensity of the In 3d photoelectrons decreases while the 
intensities of Au 4f, Ag 3d, and S 2p increase. This XPS analysis, together with the UV-
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vis and XRD results, provides us valuable information for assessing the reaction kinetics 
of HNCs formation. Based on these observations, a schematic reaction mechanism for the 
formation of Au-AgInS2 HNCs is proposed in Figure 6.16g.  
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Figure 6.16. Time-dependent (a) UV-vis absorption spectra and (b) XRD patterns of Au-
AgInS2 the arrow indicates the peak of Au (111); XPS spectra of (c) Au 4f (d) Ag 3d (e) 
S 2p (f) In 3d right after the In and S precursor were added to the AuAg seed (AuAg-t2) 
solution (1 min) and full-fledged Au-AgInS2 after 2 h reaction; (g) proposed formation 
mechanism of Au-AgInS2 HNCs.   
 
Right after addition of indium and sulfur precursors into the AuAg seed suspension, 
elemental sulfur is attracted to the surface Ag, while the bulk Ag atoms also migrate 
toward the surface to form Ag−S bonds (2Ag + S  Ag2S). The original AuAg alloy 
now becomes Au(Ag) (i.e., Ag is now surface-rich). Due to this rearrangement of metal 
atoms, the Ag content in the bulk alloy keeps decreasing until all the Ag atoms are 
reacted. Accompanied to the formation of S
2
 and thus Ag2S, In
3+
 ions are also adsorbed 
on the Au(Ag)-Ag2S surfaces (i.e., Au(Ag)-Ag2S∙∙∙In), which leads to instant formation 
of AgInS2 phase by cation-exchange (2Ag2S + In
3+
  AgInS2 + 3Ag
+
), noting that there 
is no direct reaction between In
3+
 and elemental sulfur. This explains the highest XPS 
peak intensity of the In 3d even at the beginning stage. The changes for the intensity of 
sulfur XPS peaks (Figure 6.16e) also support this reaction process. The S
2
 peak (the 
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peak at lower binding energy value, i.e., the right peak in Figure 6.16e) existed even at 1 





 peaks becomes sharper due to higher crystallinity in in the final AgInS2 
phase upon reaction time (2 h). The presence of S
0
 can be attributed to unreacted 
elemental sulfur in the system. However, this element cannot be detected by the XRD. 
Because XPS is a surface sensitive technique, it can be deduced that the elemental sulfur 
is largely surface species on the HNCs. Regarding to the optical properties, we note that 
SPR is a localized phenomenon which persists and penetrates into its surrounding 
dielectrics with a limited detection range.
162a,207
 It may be quenched (or blocked/shielded) 
when the metal/alloy nanoparticles are surrounded by atomic or ionic clouds. 
Nevertheless, the SPR can also disappear or shift when metal/alloy nanoparticles undergo 
chemical transformation. In our present case, no SPR feature can be observed at the 
beginning stage of the reaction (1 min), which suggests two possibilities: (i) quenching 
due to the presence of the ionic and atomic “clouds” (S2 and In3+ ions and S0 atoms), (ii) 
reconstruction of metal/alloy nanoparticles due to chemical transformation (i.e., forming 
AgInS2), during which the nanoparticles become numerous metallic clusters embedded in 
the semiconductor matrix (e.g., AgInS2). In such a case, quenching effect of the matrix or 
strong metal-semiconductor interaction needs to be taken into account. To resolve this 
problem, we further employed XRD technique to probe the HNC products at different 
reaction times. As shown in Figure 6.16b, no peaks are observed at the first minute of 
reaction, while the Au (111) peak starts to appear at 3 min, indicating that the starting 
AuAg seed has indeed undergone a severe chemical transformation, that is, Ag atoms 
have reacted with S, leaving disordered Au atoms or clusters behind in the Ag2S or 
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AgInS2 matrix, that is, according to the possibility ii (amorphization of AuAg seed due to 
chemical transformation). With longer reaction times, both Au and AgInS2 are better 
crystallized, as these two material phases can be clearly resolved (2 h, Figure 6.16b). 
Finally, consistent with this observation, we have also observed the SPR peak at ~538 nm 
(Figure 6.16a) for the gold phase in the product of Au-AgInS2 HNCs.  
Based on the mechanism proposed in Figure 6.16g, it can be deduced that Au-
Ag2S(∙∙∙In
3+
) is a reaction intermediate during the formation of Au-AgInS2, although we 
could not arrest Au-Ag2S as an intermediate from time-dependent XRD patterns, which 
might be due to the transformation of Ag2S to AgInS2 is a fast process and many 
complicated transforming steps occur, leading to formation of noncrystalline solid 
intermediates (3 min, Figure 6.16b). To clarify this, we also carried out control 
experiments by adding In
3+
 ions to the as-prepared Au-Ag2S heterodimers. Indeed, the 
final product is a pure Au-AgInS2 through this cation-exchange. We therefore elucidate 
the above possible formation mechanism. 


























Figure 6.17 Time-dependent UV-vis absorption spectra of Au-CuInS2 HNCs. 
 
6.4 Conclusion 
The universality and application of the dynamic seeding approach is further explored in 
this chapter. By utilizing the intrinsic composition (AuCu seeds), heterostructures of Au-
Cu9S5, Au-CuInS2, Au-CuSe, Au-CuInSe2 have been obtained from AuCu seeds. The 
syntheses of copper chalcogenides have been reported via different approaches by 
different research groups. Four types of copper chalcogenides nanocrystals could be 
readily obtained through this general synthetic strategy.  By utilizing structural defects of 
metal nanoparticles (pure Ag seeds), phase pure chalcogenides Ag2S, Ag2Se, AgInS2 and 
AgInSe2, heterodimers of Ag-Ag2S and Ag-AgInS2 could also be prepared by fully or 
partial conversion of the silver metal precursors. The ratio of the two phases in the HNCs 
can be systematically tuned by changing the initial input atomic adjusting the ratio of the 
two elements in the seeds. In particular, the optical properties of the product HNCs can 
be finely controlled by tuning the ratio of the two phases.   
The phase purity of the crystal structures have been confirmed by the XRD patterns. XPS 
analysis has verified the oxidation states of the respective elements in the nanostructures.  
EDX has also been carried out to justify the atomic ratio of the elements in the 
compounds. Time-dependent UV−vis absorption spectroscopy has been used to explore 
the growth process of our HNCs using the formation of Au-AgInS2 as a model system 
and a kinetic growth model has been brought forward. The availability of such a wide 
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variety of chalcogenide components could offer better flexibility in the design and 
synthesis of these important functional materials, including those with combined 









CHAPTER 7  SPONTANEOUS FORMATIONS OF 
SUPERLATTICES AND SUPRACRYSTALS FROM VARIOUS 
FORMS OF Mn3O4 NANOCRYSTALS                                                          
7.1 Introduction 
In the previous three chapters, a series of high quality semiconductor nanostructures 
(including single component and heterostructured nanocrystals) have been successfully 
fabricated, including silver chalcogenides, copper chalcogenides and their noble metal 
based heterostructures, using only oleylamine as the reaction media.  As demonstrated in 
Chapter 5 (Figure 5.6), 2D superlattice (SLs) and 3D supracrystals (SCs) were assembled 
from the as-prepared Au-Ag2S, Au-Ag3AuS2 and Au-Ag3AuSe2 heterostructures due to 
their perfect spherical morphology and a highly uniform particle size distribution.  
Generally speaking, collective properties of an assemblage (SLs or SCs) of nanoparticles 
or NCs would be different from those of isolated particles and continuous bulk phases.
208
  
Therefore, assembling monodisperse nanomaterials into bulk-like solids opens up new 
opportunities for fabrication of unconventional solid state materials and devices with 
novel colligative physicochemical properties, as interactions between proximal NCs 
likely give rise to new types of phenomena.
208
  In particular, new optical and magnetic 
properties are observed in the 2D and 3D supracrystals assembled by nanoparticles or 
NCs, respectively.
209,210
 The unprecedented properties are either due to dipolar 
interactions with the appearance of coupled plasmon modes or due to certain attractions 
 171 
 
between primary building units.
211
  For example, hexagonally arranged films built from 5 
nm silver NCs give rise to several modes of surface plasmon resonances (SPR), whereas 
only a single SPR band is exhibited by a randomly deposited film.
212
  Along the same 
line, the hysteresis loop which reflects the magnetic properties of cobalt NCs is squarer 
for organized networks than that of unorganized ones.
212
  And similarly, magnetic 
properties of SLs formed from EuS NCs have been enhanced dramatically compared to 
their dispersed counterpart regarding to the blocking temperature and coercive fields.
210a  
 
The most commonly used method for construction of SLs usually involves two aspects: 
(i) precise control over the composition, size, shape, and surface chemistry of building 
blocks in their suspension liquids, and (ii) subsequent slow evaporation of solvent to 
induce aggregative self-assembly of nanoparticles or NCs on a supporting substrate or 
template. Particularly, the prerequisite for size uniformity is rather strict and the process 
is time-consuming, which may limit the practical formation of SLs assemblies.
208,211,213
  
Self-assembly can also take place directly in solution media when attractive forces 
among the nanoparticles or NCs are sufficiently large to circumvent their random 
motions caused by thermal energy. In such cases, the attractive forces are of paramount 
importance, leading to direct crystallization of SCs from the so-called “artificial atoms” 
(i.e., nanobuilding blocks) in solution. Compared with the slow evaporation method, the 
latter process has been less studied, as the process is fast and forms equilibrium structures 
straightly in the colloidal solution in addition to on supporting substrate.
214,215
  For 
example, SCs comprised of Ag nanoparticles have been obtained through optimization of 
the ratio of two types of capping molecules.
216
  Through adjusting the ratio of precursors, 
as another example, CdS NCs could be assembled rapidly into SCs in solution.
217
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Furthermore, 3D superlattices of Sn NCs could be grown directly from a solution 
containing polydisperse tin particles.
218
  Recently, nanocrystal assemblages (i.e., SCs) of 




In this chapter, we demonstrate a one-step approach for synthesis and construction of 
self-assembled SLs or SCs using Mn3O4 nanocrystal building blocks. Following the 
strategy developed in previous chapters, the Mn3O4 crystals have been prepared from 
simple starting chemicals; only oleylamine and manganese acetate are involved in the 
synthesis. The metal oxide Mn3O4 selected in this study is one of the most stable oxides 
of manganese. It has attracted considerable interest because of its potential applications 







 Recently, new research efforts have been 
devoted to find mild synthetic conditions for this metal oxide using nontoxic and 
inexpensive reagents.
89
 However, besides manganese precursors and reaction solvents, 
quite a number of chemicals and surfactants were still required in these synthetic 
systems, which made the reaction pathways more complicated and more difficult to 
control. Taking advantage of the dual-functionalities of OLA in this work, we aim to 
develop a simplified single-step strategy to prepare SLs as well as SCs for Mn3O4 using 
only manganese acetate (MnAc) and OLA. Because of the simplicity of our starting 
reagents, it is convenient to study the formation process of the Mn3O4 nanomaterials in 




7.2 Experimental Section  
7.2.1 Chemicals 
Oleylamine [CH3(CH2)7CHCH(CH2)7CH2NH2, OLA, approximate C18-content 80-90%] 
were purchased from Across; oleylamine [CH3(CH2)7CHCH(CH2)7CH2NH2, OLA 70%] 
were purchased from Sigma-Aldrich; manganese (II) acetate tetrahydrate 
[Mn(C2H3O2)2·4H2O, MnAc, ≥99%, Sigma-Aldrich] were purchased from Sigma-
Aldrich; zinc acetate dehydrate [Zn(C2H3O2)2·H2O, ZnAc] were purchased from Merck; 
and elemental sulfur flakes were purchased from Aik Moh Paints & Chemicals. Solvents 
of toluene (C7H8, J. T. Baker), cyclohexane (C6H12, Merck) and ethanol (C2H5OH, 
Merck) were used in without further purification, except that sulfur flakes were ground 
into powders before use.  
 
7.2.2 Synthesis of different shapes of Mn3O4 nanospheres NCs 
7.2.2.1 Synthesis of Mn3O4 nanospheres 
0.42 g of MnAc and 10 mL of OLA were mixed and stirred at room temperature for 2.5 
h. This solution was then transferred to a Teflon-lined stainless steel autoclave. 
Solvothermal synthesis was conducted at 200
o
C for 4.5 h in an electric oven.  
 
7.2.2.2 Synthesis of Mn3O4 nanocubes  
0.13 g of MnAc and 10 mL of OLA were mixed and stirred at room temperature for 0.5 
h. The prepared solution was then transferred to a Teflon-lined stainless steel autoclave. 
Solvothermal synthesis was conducted at 200
o




7.2.2.3 Synthesis of Mn3O4 nanoplates  
0.31 g of MnAc and 10 mL of OLA were mixed and stirred at room temperature for more 
than 1.5 h. The above solution was then transferred to a Teflon-lined stainless steel 
autoclave. Solvothermal synthesis was conducted at 100
o
C for 5 h.  
 
7.2.2.4 Synthesis of Mn3O4 nanorice  
0.21 g of MnAc and 10 mL of OLA were mixed and stirred at room temperature for more 
than 1.5 h. The above solution was then transferred to a Teflon-lined stainless steel 
autoclave. Solvothermal synthesis was conducted at 120
o
C for 5.5 h.  
 
7.2.3 Fabrication of ZnS NCs  
0.33 g of ZnAc, 0.064 g of sulfur, 10 mL of OLA, and 5 mL of ethanol were mixed and 
stirred at room temperature for 24 h. The above solution was then transferred to a Teflon-
lined stainless steel autoclave. Solvothermal synthesis was conducted at 200
o
C for 4 h in 
an electric oven.  
 
7.2.4 Sample washing and re-dispersion 
After the solvothermal reaction, the autoclave was cooled to room temperature. The 
products from Sections 7.2.2 and 7.2.3 were precipitated by adding ethanol (812 mL) 
followed by two to three cycles of centrifugation at 4000 rpm to remove excess surface 
OLA. The NCs after washing were well dispersed in organic solvents such as 
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cyclohexane and toluene while they were not well dispersed but formed a suspension in 
ethanol. Please take note that the superlattice samples could only be prepared by 
dropping one drop solution of the above ethanol washed NCs in ethanol suspension (23 
mL), whilst the dispersed samples were obtained by dispersing one drop of the ethanol 
washed samples dispersed in toluene (0.5 mL) or cyclohexane (0.5 mL).  
 
7.2.5 Materials characterization 
Crystallographic phases of the above prepared products were investigated by powder X-
ray diffraction method (XRD) using an X-ray diffractometer (Bruker D8 Advance) 




 (2θ angle) at a 




. Morphologies of samples were characterized by transmission 
electron microscopy (TEM/SAED; JEM-2010, 200 kV), selected area electron diffraction 
(SAED) and high-resolution TEM (HRTEM/SAED; JEOL-2100F, 200 kV). The SLs 
samples were prepared by dropping one drop solution of the above ethanol-washed NCs 
in ethanol that was mentioned in Section 7.2.4 onto carbon coated copper grid; while the 
dispersed sample was obtained by dropping one drop solution in toluene or cyclohexane 
that was mentioned in Section 7.2.4 onto carbon coated copper grid. The optical 
microscopy images of SLs or SCs of Mn3O4 were obtained under an optical microscope 
(Nikon TE300) by filling the ethanol solution containing 3D supracrystals in a 
homemade fluid channel. The composition and oxidation state of the prepared Mn3O4 
NCs were further analyzed by X-ray photoelectron spectroscopy (XPS; AXIS-HSi, 
Kratos Analytical). The binding energies obtained in the XPS analysis were corrected 
with reference to C1s (284.6 eV). Chemical bonding information on both the surfactant 
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and OLA-capped Mn3O4 NCs was studied with Fourier transform infrared (FTIR, Bio-
Rad) using the potassium bromide (KBr) pellet technique. The samples are pellets by 
grinding the mixture of sample and KBr. In making the KBr pellets, about 1 mg of dried 
Mn3O4 powder was diluted with approximately 100 mg of KBr powder. The superlattice 
samples for FTIR measurement were obtained by evaporation of Mn3O4 suspension in 
ethanol at room temperature in air. The dispersed samples for FTIR measurement were 
obtained by washing Mn3O4 NCs with cyclohexane/ethanol and re-dispersing them in 
toluene. The thus obtained suspension was then evaporated at room temperature in a 
fume hood in order to obtain dry powder. Each FTIR spectrum was collected after 40 
scans with a resolution of 4 cm
−1
 from 400 to 4000 cm
−1
. For the as-prepared ZnS NCs, 
the elemental ratio of Zn and S was determined by energy-dispersive X-ray spectroscopy 
(EDX, Oxford instruments, Model 7426) attached to a field-emission scanning electron 
microscopy (FESEM, JEOL, JSM-5600LV).   
 
7.3 Results and Discussion  
7.3.1 Synthesis of Mn3O4 NCs 
As shown in Figure 7.1, uniformly sized Mn3O4 nanoparticles with cube, sphere, plate, 
and rice crystal morphologies were synthesized from the reaction of MnAc in the 
presence of OLA under enclosed batch condition (with some trapped air in the 
autoclave).   
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Figure 7.1 TEM images of Mn3O4 nanocrystals. (a) nanocubes, (b) nanospheres, and (c) 
nanoplates, and (d) nanorice. 
 
High-resolution TEM (HRTEM) study of individual particles in Figure 7.2 from the 
respective samples reveals their monocrystalline nature, and the lattice fringes correspond 
well with d-spacings of [200], [220], [112], [103] and [004] (i.e., 0.29, 0.20, 0.31, 0.28 









    
Figure 7.2 HRTEM images of the Mn3O4 nanocrystals. (a) nanocube: the distance 
between marked planes is 0.29 nm, which is the d-spacing of (200), (b) nanosphere: the 
distances between the two adjacent planes are 0.28 and 0.31 nm, corresponding to d-
spacings of (103) planes and (112) planes, respectively, (c) nanoplates: the lattice fringes 
are separated by 0.29 and 0.20 nm, in good agreement with the (200) and (220) lattice 
spacings, and (d) nanorice: the two lattice fringes are 0.24 and 0.31 nm, which are 




In Figure 7.3, XRD patterns of the NCs of four representative samples can all be assigned 
to tetragonal Mn3O4 (hausmannite) structure (space group: I41/amd, lattice constants: ao = 
5.76 Å and co = 9.47 Å; JCPDS card no. 24-734). 
 



























Figure 7.3 XRD patterns of Mn3O4 nanocrystals with different shapes. 
 
Additionally, XPS results displayed in Figure 7.4 further confirm the products are Mn3O4 
NCs. For example, the peaks at 652.5 and 640.7 eV correspond to the binding energies of 
Mn 2p1/2
 
and Mn 2p3/2 respectively, which is in good agreement with those observed in 
bulk Mn3O4.
221a
 Note that in the cases of MnO2, Mn2O3 and MnO, the binding energies of 
Mn 2p3/2 should be located at 642.5, 641.8 and 642.2 eV, respectively.
222,223
 The O 1s 
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peak at 529.3 eV can be assigned to the binding energy of lattice oxygen of Mn3O4, 
which is consistent with that measured in the reported Mn3O4 materials.
221a
   
 





















































Figure 7.4 and XPS spectra of the as-prepared Mn3O4 nanocrystals for (a) Mn 2p and (b) 
O 1s core levels. 
 
Both XRD and XPS studies confirmed the presence of phase pure hausmannite Mn3O4, 
excluding the formation of other manganese oxides such as pyrolusite MnO2, bixbyite 
Mn2O3 and manganosite MnO. Based on Gibbs free energies of formation of these 
oxides, which are summarized in Table 1, the thermodynamic stability of Mn3O4 are 
much higher than those of other manganese oxides, noting that our synthetic environment 
was also partially oxidative. Taking all these factors into account, we present the 







=   Mn(OH)2    (1) 
Mn(OH)2   =   MnO + H2O   (2) 
6MnO + O2   =   2Mn3O4   (3) 
 181 
 
All of the above reactions are thermodynamically favorable. A comprehensive discussion 
on the thermodynamic properties and chemical conversions among different manganese 




Table 7.1 Gibbs free energy of formation of manganese compounds, adopted from 
Lange's Handbook of Chemistry (16th Edition). 
Mn oxide   MnO MnO2 Mn(OH)2 Mn2O3 Mn3O4 
Δ f G° (kJ/mol)  -362.9 -465.2     -615.0    -881.2 -1283.2 
 
7.3.2 Influences of synthetic parameters 
As mentioned earlier, without using additional chemicals and surfactants, our approach is 
able to control the size and shape of nanobuilding blocks by simply tuning precursor 
concentration, reaction time or temperature. Figure 7.5a-c displays the TEM images of 
Mn3O4 NCs synthesized as a function of reaction time, while keeping all other 




























































Figure 7.5 Mn3O4 nanocrystals synthesized with and 10 mL of 70% OLA at different 
reaction conditions: (a) 0.13 g of MnAc, 200
o
C, 1 h, (b) 0.13 g of MnAc, 200
o
C, 4 h, (c) 
0.13 g of MnAc , 200
o
C, 12 h, (d) 0.065 g of MnAc; 200
o
C, 1 h, (e) 0.21 g of MnAc, 
200
o
C, 4 h, (f) 0.42 g of MnAc, 200
o
C, 4 h; and Mn3O4 nanocrystals synthesized with 







C, and (j) 180
o
C.   
 
As can be seen, uniformly shaped Mn3O4 nanocubes with an edge dimension of ca 
13.8±1.5 nm were readily obtained just after 1 h of reaction. With reaction time extended 
to 4 h, the dimension of the cubes was increased only slightly to 14.2±1.5 nm but some 
semispherical particles could also be observed.  And, after 12 h of reaction, cubic NCs 
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were transformed largely into spherical nanoparticles with increased crystal 
polydispersity, although particle sizes were not changed significantly. According to the 
Wuff facet theory,
225
 crystal growth should occur rapidly on high-free-energy facets after 
nucleation stage, resulting in low-free-energy facets. With 1 h of reaction, the cube-like 
morphology in Figure 7.5a indicates that the crystals are actually stabilized with low 
Miller-index facets (<100>, <010> and <001>, Figure 7.1 and Figure 7.2).
226
  Therefore, 
cubic NCs had been obtained in the early stage of the crystal growth. Nevertheless, in the 
presence of surfactant (OLA), interaction between the Mn3O4 NCs and OLA molecules 
would become more complete with the increase in reaction time, which could stabilize 
some high Miller index facets and led to formation of more sphere-like NCs (Figure 
7.5c). Energetically favorable spherical polyhedrons were formed eventually with 
assistance of OLA capping. The observed increase in polydispersity was due to Oswald 
ripening among the resultant crystals. During the crystal morphological evolution, 
furthermore, intraparticle diffusion of atoms from high-energy facets to lower-energy 
ones would also take place. Driven by autonomous minimization of surface/volume ratio, 
sphere-like crystal particles should also be thermodynamically more favorable, compared 
to the cube-like structure which has a larger surface/volume ratio. The phenomenon is 
quite similar to what had been observed in a two-phase synthesis of spherical Mn3O4,
221b
 
where dodecylamine was used as a ligand for stabilizing the NCs.  
When the precursor (MnAc) concentration was relatively low, as shown in the cases of 
Figure 7.5a,d, the shape of nanocrystal did not change with increasing concentration but 
the size did. For example, the size of nanocrystal increased from 8.6±1.3 (Figure 7.5d) to 
13.8±1.5 nm (Figure 7.5a) when the precursor concentration was doubled. However, 
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when the concentration was high, as reported in Figure 7.5e,f, the cube shape could no 
longer be kept with varying concentration; the corners and edges of nanocubes were 
smoothed out and transformed into spherical crystal particles. As we can see in Figure 
7.5e, Mn3O4 spheres started to appear at this concentration range. When the reactant 
concentration was very high, as revealed in Figure 7.5f, the degree of spherical shape 
increased but the monodispersity dropped at the same time due to the action of Ostwald 
ripening.   
In addition to the reaction time, reaction temperature also plays an important role in the 
shape-controlled growth of Mn3O4 NCs. Figure 7.5g-j displays representative crystal 
products synthesized at different temperatures but with the same precursor concentration 
and reaction time. At 100
o
C and 4.5 h, only thin platelet crystals were formed, indicating 
unequal growth rates along different crystallographic axes. Because the reaction 
temperature was low, slow growth rate at this temperature was anticipated. As Mn3O4 has 
an anisotropic tetragonal crystal structure (ao  bo  co), it is known that the growth along 
the c-axis was suppressed in this case. For the same growth time of 4.5 h, as reported 
earlier, spherical Mn3O4 NCs were readily formed if the reaction temperature was set at 
200
o
C. Thus, even under our simple experimental setting, it is also possible to adjust the 
growth rate along the [001] direction of Mn3O4 to obtain nano-platelets with different 
edge and thickness ratios. For example, the resultant Mn3O4 nanoplates in this case had 
average planar dimensions of (24.0±7.0) nm × (24.0±7.0) nm and a thickness of ca 4 nm. 
This allows the possibility to tailor the crystal shape and further engineer the packing 
symmetry of the assemblages. At 120
o
C (Figure 7.5h), rice-shaped NCs were formed as a 
solid intermediate between the nanoplates and nanospheres and the size distribution was 
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quite uniform. At 140
o
C, rice-like and sphere-like crystals coexisted (Figure 7.5i). When 
the reaction temperature reached 180
o
C or higher, only spherically shaped particles were 
observed and the average particle diameter decreased from 15.8±2.0 nm (for 180
o
C, 
Figure 7.5j) and to 12.7±1.8 nm (for 200
o
C, Figure 7.5e). This observation was in line 
with the general trend of increasing temperature from 140 to 180
o
C (Figure 7.5i,j); the 
average size of the observed spheres for 140
o
C was about 20 nm. It has been well known 
that more crystal nuclei could be formed at a higher temperature, which results in more 
but smaller crystals with respect to a fixed amount of reaction nutrients. The scheme 
presented in Figure 7.6 thus provides an illustrative guideline for preparing different 
types of Mn3O4 NCs by tuning experimental parameters. It should be pointed out that 
although all types of the crystal morphologies in the scheme have been reported 
separately in the literature via various synthetic approaches in the past,
89,99a,221,90
  it is the 
first time result that we could prepare them all with a single approach without changing 
starting chemicals.    
 
long t, high T 
short t, high T 
mid t, mid T 













Figure 7.6 Present simple approach to obtain different shapes of Mn3O4 nanocrystals by 
controlling synthetic parameters (t = time, T = temperature, and C = concentration).   
 
During our experiments, we have used two different concentrations of OLA: 70% OLA 
and 8090% OLA. In both cases, monocrystalline Mn3O4 could be readily obtained, and 
thus we proved that the highly repeatability and a wide reaction window of this OLA 
method. In general the sizes of NCs prepared from 8090% OLA was slightly smaller 
than that from 70% OLA, as shown in Figure 7.8a, (12.3±0.2 nm) and Figure 7.5b 
(14.2±1.5 nm), which implies that the growth rate of Mn3O4 in is a bit slower in 8090% 
OLA. For the same reason, the monodispersity of NCs prepared from 8090% OLA was 
a bit higher than that from 70% OLA (Figure 7.8a and Figure 7.5b). Thus, it is not 
surprising that for the work of spontaneous formation of SLs and SCs, SCs could be 
easily obtained from Mn3O4 synthesized from 8090% OLA, and the repeatability was 
quite high, whereas the chances to form Mn3O4 SCs from the synthesis with 70% OLA 
was much lower. Therefore, all 3D SCs reported in this work were carried out in 8090% 
OLA.  
The above as-prepared Mn3O4 NCs can be used as primary building blocks to construct 
more complex materials such as organic-inorganic hybrids or nanocomposites. In Figure 
7.7, for example, the as-synthesized Mn3O4 NCs were deposited directly onto 
multiwalled carbon nanotubes (CNTs) by taking advantage of a self-assembly strategy 
developed by our group.
134
 In making such a Mn3O4/CNTs nanocomposite, both 
multiwalled CNTs and 8.6±1.3 nm Mn3O4 nanocubes (Figure 7.5d) were first dispersed 
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in toluene. The mixture was then sonicated for 2 h and washed with ethanol. With the 
support of CNTs, monolayer arrangement of Mn3O4 NCs was achieved. It is expected 
that such Mn3O4/CNTs could be more easily handled in actual applications, especially for 
those requiring separation or recycling after each use. For instance, this type of integrated 
Mn3O4/CNTs nanocomposites has better utilization of materials and can find its 
applications in heterogeneous catalysis and energy storage devices such as 
supercapacitors and lithium batteries.
227, 228 
 









Figure 7.7 TEM images (a, b) of as-prepared Mn3O4/CNTs nanocomposites at different 
magnifications.   
 
7.3.3 Formations of SLs and SCs  
In addition to the ability to control the morphology of Mn3O4 NCs, this method also 
provides a means for direct self-assembly of SLs and SCs from various NCs with varying 
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shapes and sizes. In pursuing such research, usually size-selected precipitation and 
digestive ripening processes must be employed because the polydispersity in particle size 
hinders the fabrication of self-assembled materials. Therefore, forming macroscopic SCs 
directly in the colloidal suspensions still remains a challenge, and the conformation data 
has not been very reliable.
214a
 However, in this work, synthesis and formation of SLs or 
SCs is a continuous process, that is, from the nanoparticle synthesis to the formation of 
ordered particle assemblages in a single-step, and no selective post-treatment such as 
digestive ripening or size selective precipitation was required. In the following, large SLs 
or SCs assembled from various Mn3O4 NCs discussed in the earlier sections will be 
reported.  
 
   








   








   
 
 











   








   








   
 
 





Figure 7.8 TEM images of superlattices or supracrystals of: (a) Mn3O4 nanocubes with 
[001]SL orientation, (b) Mn3O4 nanospheres with the [110]SL orientation, (c, d) Mn3O4 
nanorice with the [001]SL orientation, and (e, f) Mn3O4 nanoplates stacked along the c-
axis of tetragonal Mn3O4 crystal.   
 
Figure 7.8a shows the Mn3O4 SLs formed from the 12.3 nm nanocubes. For cubic 
building blocks, the commonly reported packing structure is with the simple cubic (sc) 
crystal system.
229,230,231
 Rather surprisingly, the packing structure observed in Figure 7.8a 
can be assigned unambiguously to the tetragonal crystal symmetry, as illustrated in the 
color inset of Figure 7.8a. Interestingly, individual nanocubes are also well oriented in 
this superstructure, with their c-axis of Mn3O4 crystal normal to the surface of SLs 
(confirmed by an electron diffraction pattern in Figure 7.9b). The average edge length of 
Mn3O4 nanocubes is 12.3 nm, and the lattice parameters of the supracrystal are 
determined to be aSL = bSL = 14.7 nm, and cSL = 2aSL = 29.4 nm, where the inter-cube 






formation of tetragonal SLs (the color inset of Figure 7.8a and Figure 7.9), instead of the 
sc stacking, indicates that OLA molecules are enriched at the corners of nanocubes and 
interpenetration of the OLA molecules among the neighboring building blocks gives rise 
to the overall interconnectivity.    
 
                 
 





Figure 7.9 (a) the electron diffraction pattern of Mn3O4 crystal structure (the [001] zone 
spots), and (b) schematic illustrations: (i) cube stacking, (ii) side view of the unite cell, 






The average cube size in the SL is 12.3 nm. The overall crystal system for this SL is 
tetragonal and the lattice parameters are aSL = bSL = 14.7 nm and cSL = 29.4 nm. Therefore, 
the distance between two adjacent nanocubes is 14.7 nm  12.3 nm = 2.4 nm.  
As reported in Figure 7.8b, the spherical Mn3O4 NCs easily adopt the [110] orientation 
for their superlattice organization in face-centred-cubic (fcc) crystal symmetry. The 
lattice constant of this SLs is about aSL = 26.2 nm. A surface unit cell is indicated in (a). 
In view of presence of fcc SLs, it is known that the distribution of OLA capping 
molecules are more even on the spherical building blocks, compared to the corner-rich 
situation of nanocubes mentioned above.  The observed departure from the theoretical 
values for the surface unit cell is due to imperfect spherical structure of these 
nanospheres.   
Although their degree of symmetry is lower, rice-shaped Mn3O4 NCs can also self-
assemble and form SLs. As shown in Figure 7.8c-d, the rice-shaped NCs are assembled 
into line arrangements, as illustrated in Figure 7.10a,b. In this type of SLs, the distance 
between the adjacent rice-rows is about 10 nm (Figure 7.10b). The resultant supracrystal 
structure can be assigned to the tetragonal crystal system whose lattice constants are aSL = 
bSL = 20 nm and cSL  20 nm. To the best of our knowledge, this is the first reported SLs 























Figure 7.10 Schematic illustrations of SL assembled from Mn3O4 nanorice: (a) the first 
layer of nanorice, (b) the second layer of nanorice, (c) a two-layer structure, (d) 
transparent view of overlapping, and (e) a point unit of the crystal system. 
 
Displayed in Figure 7.8e-f, Mn3O4 nanoplates can also self-assemble into complex 
structures. The anisotropic structures of the nanoplates apparently possess dipole 
interaction,
23b,226,233
 which facilitates one-dimensional stacking and thus constructing SLs 
along the c-axis of Mn3O4 crystal. Furthermore, the anchored OLA molecules are much 
more abundant on the large <001> facets, which allows an easy coupling of the platelets 
along the c-axis, owing to van der Waals attraction among these surfactant molecules. As 
a result, SCs with longitudinal assembly (1D) or bulky assembly (3D) could be obtained 
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through the above two types of major interactive forces. Nevertheless, the nanoplates in 
the 1D-assemblage are not completely parallel; they could be rather wavy, indicating that 
zigzag arrangements among the stacked Mn3O4 nanoplates are also present along their 
propagative direction (Figure 7.11). It is believed that such zigzag arrangements could 






Figure 7.11 Schematic illustrations of zigzag structures assembled along both X and Y 
directions (upper drawing) and parallel arrangements assembled only along X direction 
(lower drawing).  
7.3.4 Confirmation of equilibrium structures   
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The SLs and SCs formed from different Mn3O4 NCs could be observed with TEM 
regardless of the precursor concentrations for the current experimental conditions. 
Figure 7.12 shows large areas of SCs formed all the four types of Mn3O4 NCs. However, 
from our TEM results alone, it is still quite difficult to judge and conclude whether the 
SLs or SCs were formed in the solution or during the natural drying process (i.e., solvent 
evaporation) when we were preparing TEM copper grid samples. Before addressing this 
issue, we further used FESEM technique to determine the overall size of Mn3O4 
nanocrystal assemblages.  
 
   





Figure 7.12 Large areas of SCs formed by the Mn3O4 (a) nanocubes (b) nanospheres (c) 
nanorice and (d) nanoplates. 
 
Figure 7.13a shows a FESEM image of a 3D supracrystal. By comparing the sizes of the 
assembled SCs determined by both TEM and FESEM images, we can confirm that such 
self-assembled matters are indeed very large  the projected areas of crystalline domains 
in the microscopic observation are in the range of several tens to hundreds of square 
micrometers when they are viewed from the top. 
Both TEM and FESEM techniques show similar overall supracrystal arrangements, but 
the results derived from the dried samples still belong to indirect confirmations. To 
further verify the nature of the observed SLs or SCs, we also examined the solution 
containing Mn3O4 SCs (or SLs) directly under an optical microscope. In Figure 7.13b, the 
optical microscopy image in the liquid suspension was obtained by a filling the ethanol 
solution containing 3D supracrystals of Mn3O4 (from nanorice) in a homemade fluid 
channel (see Experimental). The sizes of crystalline domains in the solution under optical 
microscope are quite similar to those observed with FESEM or TEM. The microscopic 
study gives a direct confirmation that the SCs of Mn3O4 were indeed formed in the 
colloidal solution (not only on a supporting substrate). All these microscopic findings 
indicate that the SLs or SCs obtained by this single step method are indeed equilibrium or 





   
  
 
Figure 7.13 SEM (a) and optical microscope (b) image of 3D Mn3O4 supracrystals 
(assembled from nanorice building units) formed in the ethanol solution.   
 
  
Figure 7.14 FESEM images of Figure 7.13a: (a) at lower magnification, and (b) at higher 
magnification. The large particles randomly scattered on top of two-dimensional SLs are 






Figure 7.14 shows FESEM image of Mn3O4 SLs surface features. The large particles 
randomly scattered on top of two-dimensional SLs are Pt-coating employed in the 
FESEM measurement (to prevent charging effect at higher magnification). 
The above as-prepared Mn3O4 NCs could be dispersed easily in nonpolar organic 
solvents, such as in toluene and cyclohexane, suggesting that the surface of the NCs was 
capped by the alkylamine surfactant, and thus the NCs had a hydrophobic exterior. To 
obtain the chemical bonding information, FTIR method was also employed.  Examination 
of the results displayed in Figure 7.15 reveals that the major peaks of OLA are present in 
the FTIR spectra collected from the studied samples, confirming the presence of this 
alkylamine on the surface of the NCs. In particular, the peaks at 2850–2925 cm−1 are the 
C–H vibrations of the OLA ligand that is bonded to the Mn3O4 surfaces. There is a shift 
in the NH2 vibrations from 3319 cm
−1
 for the pristine OLA to 3422 cm
−1
 for the OLA-
capped Mn3O4 NCs. Such a red-shift is consistent with coordination of Mn ion centres by 
the NH2 group of the alkylamine, and similar shifts have been noted for other alkylamine 
based ligands coordinating to transition metal ions.
221a
 The peaks at 1640–1550 cm−1 are 
the N–H bending absorption of the OLA ligand. The FTIR peaks at 400–630 cm−1 
demonstrate a notable resemblance to those of Mn3O4 obtained in previous 
studies.
89a,234,235
 In the region from 650 to 500 cm
−1
, two absorption peaks at 638 and 518 
cm
−1
 could be assigned to the coupling of the Mn–O stretching modes of tetrahedral and 
octahedral sites respectively. In the region from 500 to 400 cm
−1
, the absorption peak at 
408 cm
−1
 is attributable to the band stretching modes of the octahedral sites.
235
 The large 
peak at 2350 cm
−1
 is due to the adsorbed CO2 from the atmosphere. It is noteworthy 
mentioning that all the peaks are essentially similar for the SLs sample and dispersed 
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sample except that the two peaks for N–H (1600–1700 cm−1)236 and C–H scissoring mode 





 is much lower for dispersed sample than that of SLs sample. The C–H scissoring 
peak of the SLs sample shifts to lower wavelength number (1400 cm
−1
) and is stronger 




























































































Figure 7.15 FTIR spectra of Mn3O4 nanocubes of (a) dispersed structure (Figure7.5a), 
and (b) superlattice structure (Figure 7.8a).   
 
We also designed some simple tests to investigate the effects of solvent to the formations 
of SLs and SCs. We had tried to redisperse the nanocubes that form SCs in ethanol 
(Figure 7.8a) into a pure toluene solvent and a cosolvent made with toluene/ethanol 
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volume ratio equal to 1:5 respectively. However, we could not obtain 3D supracrystals. 
Most areas under the TEM examination are similar to Figure 7.16a, and only very few 2D 
SLs which are not strictly ordered could be observed in some examined areas (Figure 
7.16b). Clearly, the intermolecular interaction between the surface OLA and nonpolar 
toluene is much stronger compared to that between the OLA and polar ethanol. Due to 
this, the OLA-capped Mn3O4 nanoparticles can be dispersed very well in the toluene 
containing solvents, resulting in less organized products. On the contrary, ethanol 
significantly enhances the intermolecular interaction among the OLA-capped nano-
building blocks, leading to the formation of SLs or SCs which are suspended in the 
ethanol medium.     
The above re-dispersion and slow evaporation experiments also demonstrated high 
flexibility of this OLA approach, which can form both SLs and SCs without additional 
external intervention. In comparison, for the general slow evaporation methods, quite a 
number of process parameters have to be satisfied simultaneously, such as solvent ratio, 
evaporation rate and highly monodispersity of pristine nanoparticles. In short, the 
window for the formation of SLs or SCs is very narrow and it is limited largely to 2D 
SLs. In another experiment, we added a little bit acetone into the solution during the 
washing step to a sample that if only use ethanol to wash, it would form 3D SCs. The two 
parallel experiments that from 3D SCs are shown in Figure 7.17. As shown in Figure 
7.16c-d, no more compact domains of SLs could be observed.  
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Figure 7.16 TEM images of re-dispersion (a) and slow evaporation (b) of Mn3O4 
nanocubes, and the effect of acetone on the Mn3O4 superlattice structures formed from 





Figure 7.17 TEM images of superlattices from two parallel experiments (washed with 
only ethanol).  
 
The concentration of MnAc in the synthesis of the sample in Figure 7.16c-d lies between 
Figure 7.17a and Figure 7.17b. Therefore, the sample of Figure 7.16c-d in the main text 
should also form SCs if no acetone involved in the washing process.   
Another interesting phenomenon is that the pristine particle size distribution was in fact 
not very uniform in some cases of this study, but they can still self-assemble into SLs or 
SCs (Figure 7.18), the Mn3O4 NCs with similar sizes can assemble into SLs while 
rejecting those particles with different sizes that are not dominant in the system. 
Apparently, the attractive forces are strong enough to summon particles with similar size 
and shape together within a short period of crystallization time. 
 
   





7.3.5 Further extensions of this approach   
We have demonstrated the easy formation of Mn3O4 superlattices using the OLA method. 
As mentioned earlier, OLA methods have been widely used in nanomaterials synthesis in 
recent years,
18,134,238
 including the preparation of various manganese oxides, where 
manganese (II) acetylacetonate [Mn(acac)2] was commonly adopted as a starting 
precursor.
221a,90
 For example, core-shell structure of Mn3O4@MnO2 had been prepared 
via thermal decomposition of Mn(acac)2 in OLA solvent under air atmosphere.
221a 
Under 
those conditions, it was thought that the acetylacetonate ligand in the precursor 
Mn(acac)2 could act as an oxygen source to oxidize Mn(II) to Mn3O4 even under a 
protective argon atmosphere
90
 Phase pure MnO NCs could also be obtained when water 
was added to the same reaction system, although the actual reaction process was still 
unclear.
90
 In the present work, the synthesis was carried out in the autoclave. Hence, 
enclosed oxygen (from air) was limited and a deeper oxidation to MnO2 could be 
avoided, which ensured the formation of phase pure Mn3O4 NCs. For Mn3O4 NCs 
reported by other research groups,
89
 the use or inclusion of additional chemicals and 
surfactants, together with OLA, might lead to different surface natures of NCs and hence 
prevent them from forming SLs or SCs in ethanol suspensions.  
To demonstrate its generality, the OLA method developed in this work was also applied 
to synthesis of NCs of metal sulfides. In particular, ZnS was chosen to be a testing 
material. Quite encouragingly, very uniform NCs of ZnS and superlattices can be 






































































Figure 7.19  TEM images of ZnS nanocrystals and superlattices (a, b), XRD pattern of 
ZnS nanocrystals with hexagonal wurtzite ZnS (JCPDS card No. 89-2942) shown as 
reference (c), and XPS spectra of Zn 2p and S 2p core levels (d, e) for ZnS nanocrystals.  
 
To check the phase purity and oxidation states of ZnS NCs, XRD and XPS measurements 
were carried out. In Figure 7.19c, the diffraction peaks can be indexed to wurtzite-type 
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ZnS (space group: P63mc, lattice constants: ao = 3.818 Å and co = 6.26 Å; JCPDS card 
no. 89-2942). Also in Figure 7.19d, the peaks of Zn 2p photoelectrons appearing at 
binding energies of 1020.8 and 1043.8 eV can be assigned to Zn(II) ionic species in ZnS 
with a spin-orbit splitting of 23.0 eV.
239
  The binding energy values for the S 2p peaks 
also match well with the expected ZnS phase, while no elemental sulfur was detected. A 
compositional analysis with EDX technique for these ZnS NCs can also be found in 








Figure 7.20  (a) HRTEM images show two lattice distances of 0.33 nm and 0.31 nm 
which correspond to the d-spacings of the (100) and (002) of ZnS respectively, and (b) 
EDX analysis shows that the ZnS nanocrystals indeed have a chemical composition of 
Zn:S = 1:1.   
 
7.4 Conclusion 
In summary, a simple approach targeting at synthesis-cum-assembly of transition metal 
oxides and sulfides has been developed. In general, alkylamines such as oleylamine and 
dodecylamine can be used both as a solvent and a surfactant in this type of synthesis. 
Taking advantage of the dual-functionalities oleylamine, we have proved this alkylamine 
to be effective for the shape-control of Mn3O4 nanocrystals.  
By simply tuning the concentration of metal salt, reaction time and temperature, Mn3O4 
products in various crystal forms (sphere, cube, rice, plate and etc) and sizes can be 
controlled without adding any new surfactants and additives. Interestingly, SCs built 
upon Mn3O4 nanocrystals could also be obtained by simple washing without any 
additional efforts. The self-assembly of Mn3O4 nanobuilding blocks is a spontaneous 
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process. It takes place only within minutes, but the final sizes of these SCs can reach as 
large as several tens to hundreds of μm2 (projected areas of SCs), which is comparable or 
even larger than the reported values in literature.   
Unlike prevailing methods, in particular, we have prepared highly crystalline, 
monodisperse, and size-controlled Mn3O4 nanocrystals under enclosed batch conditions, 
which allows a fine control of oxidation states for this spinel manganese oxide and 
prevents it from deep oxidation to MnO2. Only oleylamine and manganese acetate are 
involved, and the synthetic reactions can be carried out at relatively low temperatures. 
Mn3O4 nanocrystals in various crystal morphologies (cubic, spherical, plate-like and rice-
like) have been fabricated by simply changing the precursor concentration, reaction time 
and temperature, without any additional surfactants or solvents for shape-control. Due to 
good size uniformity and presence of inter-particulate interactions (mainly van der Waals 
and dipole-dipole), the as-prepared nanocrystals could readily self-assemble and form 
superlattices and/or SCs of Mn3O4, in which oleylamine and solvents play an important 
role for the observed self-assembly. In addition, we have also prepared nanocomposites 
of Mn3O4/carbon nanotubes through a self-assembling process. Potentially, this 
nanocomposite could be used in heterogeneous catalysis and energy storage devices such 
as supercapacitors and lithium batteries. ZnS nanocrystals and superlattices have also 
been obtained by the similar methods. In view of the low-cost chemicals involved and the 
process simplicity, the present approach has great potential for large-scale applications. . 
To illustrate the generality of this OLA approach, we have also managed to synthesize 
metal sulfide (ZnS) nanocrystals and assemble them into SCs under similar experimental 
conditions used in the metal oxide study.   
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CHAPTER 8 CONCLUSION AND FUTURE WORK 
8.1 Conclusions 
With the purpose of developing a facile and general approach to fabricate nanocrystals 
especially I-(III)-VI semiconductor nanocrystals and their heterostructures, the work 
presented in the previous chapters has been carried out in a systematic way. A green and 
scalable approach has been successfully developed for construction of various 
semiconductor nanocrystals and heterostructures. Solvothermal and reflux, as two of the 
most popular methods for colloidal synthesis have been investigated. The general 
characterization techniques include XRD, TEM, HRTEM, XPS and EDX, and they all 
have verified the successful fabrication of the nanostructures. The most important 
findings are drawn in the following aspects:  
(1) OLA has been used frequently in the fabrication of nanocrystals together with 
other surfactants and solvents. This work proved that OLA itself can be a 
powerful and effective medium for nanofabrication.   
(2) Although the starting chemicals are the same, reflux and solvothermal methods 
sometimes lead to the formation of different products in different ways.  
(i) Ag2S and Ag2Se can only be obtained from solvothermal methods. 
(ii) CuInS2 and CuInSe2 can only be obtained from reflux methods. 
(iii) AgInS2 can be obtained from both methods and the crystal phases are the 
same. However, the growth orientations are different. 
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(iv) AgInSe2 can be obtained from both methods. However, the growth phases are 
different. 
(3) Both silver chalcogenides and copper chalcogenides (Ag2S, Ag2Se, AgInS2, 
AgInSe2, CuInS2 and CuInSe2) semiconductor NCs have been synthesized via a 
direct mix and heat-up approach from commercially available and user-friendly 
chemicals. These nanocrystals are highly stable and can retain their properties for 
long aging time at normal atmospheric conditions without any special treatment 
and preserving method. The composition of ternary chalcogenides can be simply 
tuned by adjusting the input ratio of chemicals, without addition of reactivity 
controlling ligands.  
(4) A dynamic seeding method has been proposed to fabricate HNCs. This method 
has been proved to be a universal method by varying the types of seeds (AuAg, 
Ag and AuCu) to obtain various types of NCs and HNCs. The ratio of the two 
components in the final structure can be simply controlled by the ratio of the 
starting seed precursors.  
(5) Both binary and ternary I-(III)-VI semiconductor NCs (Ag2S, Ag2Se, Cu9S5, CuSe, 
CuInS2, CuInSe2, AgInS2 and AgInSe2) have been synthesized from dynamic 
seeding method. 
(6) HNCs that composed of both binary and ternary I-(III)-VI semiconductor NCs 
(Ag2S, Ag2Se, Cu9S5, CuSe, CuInS2, CuInSe2, AgInS2 and AgInSe2) have been 
synthesized from dynamic seeding method. The ratio of the two phases can be 
controlled by adjusting the ratio of components in the seeds.   
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(7) The individual components of currently available HNCs usually limit to single or 
binary compounds. Complex heterodimers composed of ternary chalcogenide 
compounds such as Au-Ag3AuS2, Au-Ag3AuSe2, Au-AgInS2, Au-AgInSe2, Au-
CuInS2, Au-CuInSe2 and Pt- AgInS2 were first developed. Some of them can even 
build into supracrystals due to their perfect spherical morphology and a highly 
uniform particle size distribution. 
(8) A simplified synthesis-cum-assembly strategy has been demonstrated to prepare 
superlattices and supracrystals using transition metal oxide and sulfide 
nanocrystals as building blocks. 
 
8.2 Suggestions for Future Work 
The study for ternary semiconductor NCs are relatively rare in the literature. The 
understanding of a number of fundamental issues is still quite fragmentary due to the lack 
of a facile and systematic synthetic strategy. This thesis work allows the rational design 
and fabrication of various kinds of semiconductor NCs and their heterostructures. The 
facile and user-friendly strategy developed here opens up new chances for further 
investigation and application of these materials. Based on the results obtained so far, it 
can be anticipated that the following research directions are promising and future work 
may be focused on these areas.  
 
1. To fabricate hybrid solar cell devices with synthesized nanostructures.  
 
I-III-VI thin film materials have traditionally been used as key component for 
photovoltaic materials. As demonstrated in the previous chapters, some of the NCs 
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(AgInS2, AgInSe2, CuInS2) demonstrate absorption properties up to NIR range. They are 
good electron-transport materials and they can be mixed together with hole-transport 
materials to fabricate solar cell devices. 
 
2. To explore experimental conditions that can improve the qualities of Au-CuX 
heterostructures.  
Due to time limitation, only preliminary work was carried out for the fabrication of Au-
CuX heterostructures. To improve the monodispersity of the final heterostructures, 
further work can mainly be focused on two aspects: (i) To improve the quality of the 
AuCu seeds. (ii) To make the reaction conditions milder. Compared with Ag, Cu is more 
active, so that the experimental conditions need to be milder, i.e. lower 
temperature/precursor concentration and shorter reaction time.  
 
3. To synthesize hydrophilic I-(III)-VI nanocrystals and heterostructures.   
We have developed a green method to synthesize highly monodisperse I-(III)-VI 
semiconductor nanocrystals and their heterostructures in organic media. Although it 
excluded the use of highly toxic organic solvents or chemical agents, however the use of 
oleylamine increased the total cost and the final products are hydrophobic. 
Semiconductor nanocrystals have been promoted for biological applications which 
require the nanoparticles to be hydrophilic, it is promising to develop multistep 
procedures be adapted for aqueous phase operation, e.g. ligand exchange the hydrophobic 
nanoparticles to hydrophilic nanoparticles using hydrophilic surfactants.  An alternative 




4. To study the synergistic properties of the heterostructures.  
When semiconducting materials are attached with metals, they can further acquire multi-
functionalities and synergistic properties arising from effective coupling of the separate 
phases. This thesis work has demenstrated a facile strategy to fabricate HNCs composed 
of noble metal and semiconductors. 14 noble-metal based heterodimers have been 
obtained and the total synthetic duration is less than 1 h for each heterodimer.  The 
variety of the heterodimers offers a platform to study the synergistic properties of these 
artificial nanostructures.  
 
5. To Synthesize quaternary semiconductor nanocrystals with tunable band gaps.  
Quaternary semiconductor nanocrystals have recently emerged as a hot research area for 
their high absorption coefficients, tunable band gap properties, and potential application 
in low cost solar cells. Following the strategies developed in this thesis, it would be 
promising to fabricate quaternary semiconductor nanocrystals. Examples are AgGaxIn1-
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A1. Chemical Constants 
1. Standard Gibbs free energy of formation  
 







* The value was obtained by calculation from its tetragonal phase by comparing the unit cell 
volume and molecular weight.  
 
3. Band gaps of materials 
Compound CdSe Cu
2










BG (eV) 1.7 1.2 2.0 2.0 1.45 1.0-1.2 0.9-1.1 0.15 1.9 1.2 
compounds Cu2O CuO Cu2S CuS Cu2Se CuSe CuInS2 CuInSe2 InS 
ΔfG°(kJ/mol) -146 -130 -86.2 -53.6 -74.1 -40.3 -218.6 -201.2 -131.8 
Compounds In2O3 In2S3 In2Se3 Ag2O Ag2S Ag2Se AgInS2 AgInSe2 InSe 




















ρ (g/cm3) 7.20 7.00 4.748 5.75 
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A2. Magnified view of HRTEM images (Figure 4.3 of Chapter 4)  
a
Ag2S
d111 = 0.31 nm





d112 = 0.27 nm




d002 = 0.34 nm
c






d320 = 0.20 nm












d120 = 0.37 nm





A3. TEM Images of Aged Nanocrystals 














































A3.7  AgInS2_r at different refluxing time  
A3.7.1  AgInS2_r (5 min)  
 




A3.7.2  AgInS2_r (20 min)  
 




A3.7.2  AgInS2_r (3 h)  
 
A4. EDX Spectra  


























































































Notes: The signals of Ca, Fe and Co are from the TEM holder. The signal of Cu is from 














A5. Calculation of Band Gaps  
The relationship between optical density and band gap (Eg) can be related by the equation 
αE = constant(E − Eg)
n
. Assuming a direct transition with n equal to 1/2, the curves of 
(αE)2 versus E can be plotted. The value of E extrapolated to α = 0 gives an absorption 
band gap energy. The value of α for specified photon energy (wavelength) can be 
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obtained from α = OD/d, where OD = log(I0/I); I0 and I are the intensities before and after 
transmission, respectively. d is the effective thickness and it can be calculated from d = 
lC/ρ, where is l is the present path length, 10 mm, C is the concentration of the 
nanocrystal solution, and ρ is the bulk density of the measured nanocrystals. ρ can be 
found in the JCPDS database. For orthorhombic AgInSe2, since it is a new phase, there is 
no reported data for its density. It can be calculated from the density of orthorhombic 
AgInS2, by comparing the cell volume and the molecular weight.  
The plots (αE)2 versus E of for the respective nanocrystals are shown below:  






















































































Notes: from the extrapolation of the curves, the band gaps are 1.97 eV for (a) AgInS2_r, 
1.96 eV for (b) AgInS2_s, 1.28 eV for (c) AgInSe2_r and 1.23 eV for (d) AgInSe2_s 
respectively.  
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